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Abstract  
Randy Buzzell Stockbridge 
Insights Into the Catalysis of Phosphoryl Group Transfer by Enzymes 
(Under the direction of Richard Wolfenden) 
 
Enzymes that catalyze phosphoryl group transfer draw from a wide variety of 
catalytic strategies, including transition state stabilization, acid/base chemistry, 
juxtaposition, and catalysis by desolvation.  In this work, we investigate the rates and 
thermodynamics of activation of catalyzed and spontaneous phosphoryl group transfer 
reactions in order to understand the relative importance of those catalytic strategies.  
Reactions studied include the spontaneous transfer of a phosphoryl group from ATP to 
methanol in the presence and absence of Mg2+, the corresponding reactions catalyzed by N-
acetyl galactosamine kinase, homoserine kinase, and yeast hexokinase, and the hydrolysis of 
phosphate monoesters and diesters in cyclohexane and other organic solvents. 
We show that N-acetyl galactosamine kinase, homoserine kinase, and yeast 
hexokinase accelerate phosphoryl transfer from ATP to an alcohol acceptor group by factors 
of 1012-1014, relative to the spontaneous transfer of a phosphoryl group from Mg-ATP to 
methanol, which occurs at a rate of 3.9 x 10-9 s-1M-1.  These kinases achieve their rate 
enhancements by decreasing !H‡ to an extent comparable to other enzymes (8-13 
kcal./mol), but they also increase T!S‡ by  6-9 kcal./mol, in accord with the possibility that 
juxtaposition is a general requirement for bi-substrate enzymes. Consistent with mechanistic 
suggestions, the relative contributions of !H‡ and T!S‡ to the rate enhancement differ for 
the three kinases.  N-acetyl galactosamine kinase, which lacks a catalytic base, increases 
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T!S‡ to the greatest extent, whereas homoserine kinase and hexokinase decrease !H‡ and 
seem to rely more heavily on acid/base catalysis or transition state stabilization.    
 We also show that extraction of neopentyl phosphate monoesters and diesters into 
cyclohexane accelerates their hydrolyses by factors of 2 x 1012 and 4 x 109, respectively. The 
hydrolysis of the monoester is accelerated to a similar extent in polar solvents like DMSO. 
For phosphate monoester hydrolysis in cyclohexane, the effect of desolvation was to 
increase T!S‡, whereas for phosphate diester hydrolysis in cyclohexane and phosphate 
monoester hydrolysis in DMSO, the effect of desolvation was to decrease !H‡. These rate 
enhancements approach those generated by many enzymes, and imply that desolvation 
might be a powerful means of catalysis for phosphate monoesterases and phosphate 
diesterases. 
 v 
Dedication 
To Chris.  It’s good to have you home. 
 vi 
Acknowledgements 
 
Foremost, I thank my advisor, Professor Richard Wolfenden, whose curiosity, tenacity, and 
humility I strive to emulate.  I also thank my husband Chris from whom I have learned 
much of steadfastness and hope.  I am grateful to my family: my parents David and Allie 
Buzzell, who have inspired me to learn my entire life, and my siblings, who inspire me 
today.  I can only aspire to Emily’s enthusiasm, Bethany’s toughness, and Zack’s 
perspective. I appreciate the encouragement from my parents-in-law, Lisa and Norman 
Stockbridge, who are biophysicists themselves.  And I thank all those who have enriched 
my time at UNC:  my friends and labmates, Charlie Lewis, Yang Yuan, Gottfried and Sara 
Schroeder, Joe and Lee Lomino, Andy and Rachael Hemmert, Dave and Rebekah Nash, and 
my peers and professors in the Biophysics Program. Finally, I am grateful for the guidance 
of Professor Tom Traut, Professor Ashutosh Tripathy and Dr. Greg Young, and my doctoral 
committee, Professor Gary Pielak, Professor Charlie Carter, Professor Barry Lentz, and 
Professor Aziz Sancar.    
 
 vii 
 Table of Contents 
List of Tables  viii 
  
List of Figures ix 
  
List of Abbreviations xi 
  
Chapters  
 1. Introduction: Catalysis of Phosphoryl Transfer by Enzymes 1 
  A. References 7 
  
 2. The Intrinsic Reactivity of ATP and the Catalytic Proficiencies 
 of Kinases Acting on Glucose, N-Acetylgalactosamine and 
 Homoserine: A Thermodynamic Analysis 9 
  A. Abstract 10 
  B. Introduction 10 
  C. Experimental Procedures 13 
  D. Results 16 
  E. Discussion 22 
  F. References 28 
  
 3. Phosphate Monoester Hydrolysis in Cyclohexane  45 
  A. Abstract 46 
  B. Results and Discussion  46 
  C. References  50 
  
 4.  Phosphate Diester Hydrolysis in Cyclohexane and Acetone  59 
  A. Abstract 60 
  B. Results and Discussion 60 
  C. References 65 
  
 5.  A Hypothesis to Explain the Thermodynamics of Activation 
 for the Hydrolysis of Phosphate Monoesters in Organic Solvents  71 
  A. Abstract 72 
  B. Introduction 72 
  C. Experimental Procedures 74 
  D. Results and Discussion 76 
  E. Conclusion 79 
  F. References 81 
  
 6. Conclusion and Perspective: Physical and Chemical Catalysis  of 
 Phosphoryl Transfer 89 
  A. References  94 
 
 viii 
List of Tables 
Table 2.1: kcat and Km values for GalNAcK, HSK, and hexokinase measured 
calorimetrically compared to those reported in the literature 31 
  
Table 2.2: Rate constants and thermodynamics of activation for the 
methanolysis and hydrolysis of different species of ATP 32 
  
Table 2.3: Rate constants and thermodynamics of activation for GalNAcK, 
HSK, and hexokinase 33 
  
Table 3.1:  Distribution coefficients and thermodynamic changes associated 
with the transfer of NP2-:TBA+ and NPH-:TBA+ from water to cyclohexane 51 
  
Table 3.2: Rate constants and thermodynamics of activation for the 
hydrolysis of NP2- in water and cyclohexane 52 
  
Table 3.3: Rate constants for hydrolysis and coefficients for transfer of NP2-, 
NPH-, and NPH2 from water to cyclohexane 53 
  
Table 4.1: The thermodynamics of transfer for N2P
- and NP2- from water to 
cyclohexane 66 
  
Table 4.2: Rates and thermodynamics of activation for N2P
- hydrolysis in 
water, acetone, and cyclohexane 67 
  
Table 5.1: The activation parameters and second order rate constants of 
NP2- hydrolysis in various solvents, the dielectric constant of each solvent, 
and the activity of water in each solvent 82 
  
Table 5.2: The NOE effect exerted on the methylene protons of the 
neopentyl group by the neopentyl ester protons and by H2O 83 
 
 
 ix 
List of Figures 
 
Figure 2.1 1H NMR spectra of ATP hydrolysis reaction products AMP, 
ATP, and ADP; and ADP methanolysis reaction products AMP, ADP, and 
MeP 34 
  
Figure 2.2:  Isothermal calorimetric measurement of the second order rate 
constant of the reaction catalyzed by HSK 35 
  
Figure 2.3:  ATP hydrolysis and methanolysis reaction pathways 36 
  
Figure 2.4:  Arrhenius plots of the rate constants for methanolysis of ATP 
and ADP methanolysis at pH 5.5, pH 7.0, and pH 9.0 37 
  
Figure 2.5:  Thermodynamics of activation for the methanolysis of ATP 38 
  
Figure 2.6:  Arrhenius plots of the rate constants for the methanolysis of 
Mg-ATP, Mg-ADP, and ATP at pH 7.0 39 
  
Figure 2.7: Arrhenius plots of the second order rate constants for the 
reactions catalyzed by hexokinase, HSK, and GalNAcK 40 
  
Figure 2.8:  Effects of relative viscosity in the presence of added sucrose on 
kcat and kcat/Km for GalNAcK, HSK, and hexokinase at 25 °C 41 
  
Figure 2.9:  Protonation and chelation states of ATP 42 
  
Figure 2.10:  The proportion of kinase rate enhancements achieved by 
lowering !H‡ and raising T!S‡ 43 
  
Figure 2.11: Transition state binding for a two-substrate reaction 44 
  
Figure 3.1: van’t Hoff plots showing the transfer of NP2-:TBA+ and NPH-
:TBA+ from water to cyclohexane as a function of temperature 54 
  
Figure 3.2: 1H NMR spectra showing the decrease in the neopentyl ester 
peak of NP2- incubated at 25, 100, and 150 °C for 15 hours 55 
  
Figure 3.3: Arrhenius plots showing the hydrolysis of NP-2 in cyclohexane 56 
  
Figure 3.4: Effect of water concentration on rate of NP2- hydrolysis in 
cyclohexane at 90 or 100 °C 57 
  
Figure 3.5: Phase transfer and NP hydrolysis in the cyclohexane/water 
system 58 
  
Figure 4.1: Van’t Hoff plots showing the transfer of N2P
-:TBA+ from water 
to cyclohexane as a function of temperature 68 
  
Figure 4.2: Arrhenius plots showing the second order rate constants 
(corrected for water concentration) for the hydrolysis of N2P
- in 
cyclohexane, acetone, and water, and the hydrolysis of NP2- in cyclohexane 69 
  
 x 
Figure 4.3: Free energy diagram showing the change in !H over the 
reaction coordinate of N2P
- hydrolysis in water and cyclohexane 70 
  
Figure 5.1: Free energy diagram showing the change in T!S over the 
reaction coordinate of NP2- hydrolysis in water and cyclohexane; ground 
state and transition state structures for NP2- hydrolysis 84 
  
Figure 5.2: Arrhenius plots of the second-order rate constants of NP2- 
hydrolysis in cyclohexane, toluene, acetone, THF, DMF, and DMSO 85 
  
Figure 5.3:  The T!S‡ and !H‡ values for NP2- hydrolysis in nonaqueous 
solvents compensate each other so that the rates at 25 °C fall within an 
extremely narrow range 86 
  
Figure 5.4: The relationship between !H‡ for NP2- hydrolysis and the 
activity of water in each solvent 87 
  
Figure 5.5: Free energy diagram showing the change in !H over the 
reaction coordinate of NP2- hydrolysis in DMSO and cyclohexane; ground 
state and transition state structures for NP2- hydrolysis, showing a water 
molecule associated with a nonbridging oxygen of the phosphoryl group 88 
  
Figure 6.1:  !G‡, !H‡, and T!S‡ values for the spontaneous reactions and 
their corresponding catalyzed reactions examined in this work 95 
  
Figure 6.2:  !!G‡, !!H‡, and –T!!S‡ values for catalysts examined in this 
work 96 
 
 
 
 
 xi 
List of Abbreviations 
aw water activity 
  
ADP adenosine diphosphate 
  
AMP adenosine monophosphate 
  
Ap5A P
1,P5-Di(Adenosine-5')Pentaphosphate  
  
Ap4glucose P
1-(Adenosine-5’)-P5-(glucose)Tetraphosphate 
  
ASTM American Society for Testing and Materials 
  
ATP adenosine triphosphate  
  
CMP cytidine monophosphate 
  
!G‡ free energy of activation (kcal./mol) 
   
!H‡ enthalpy of activation (kcal./mol) 
  
!S‡ entropy of activation (kcal./mol) 
  
!V‡ volume of activation 
  
DMF dimethyl formamide 
  
DMSO dimethyl sulfoxide 
  
DNA deoxyribonucleic acid 
  
GalNAc N-acetylgalactosamine 
  
GalNAcK N-acetylgalactosamine kinase  
  
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
  
HMPA hexamethylphosphoramide 
  
HSK homoserine kinase 
  
ITC isothermal titration calorimetry  
  
kcat enzyme catalytic turnover (s
-1) 
  
kcat/Km enzyme efficiency constant 
  
Ki dissociation constant for inhibitor binding 
  
Km Michaelis constant (M) 
  
knon rate constant (s
-1) in the absence of a catalyst 
 xii 
  
kcal./mol kilocalories per mole 
  
MeP methyl phosphate  
  
NMR nuclear magnetic resonance 
  
NOE nuclear Overhauser effect 
  
NP neopentyl phosphate 
  
N2P dineopentyl phosphate 
  
Pi inorganic phosphate 
  
PEG300 polyethylene glycol, average molecular weight 300  
  
Q10 factor by which a reaction rate increases when the temperature is raised by 
10 °C 
  
TBA tetrabutyl ammonium 
  
THF tetrahydrofuran 
  
UMP uridine monophosphate 
 
 
 
 
 
 
 
 
 
 
  
 
Chapter 1 
Introduction:   
Catalysis of phosphoryl transfer by enzymes 
 2 
Cells are abuzz with phosphoryl group turnover.  In humans, the average ATP 
molecule is recycled 1,000 times each day – that is 1,000 phosphoryl transfer reactions 
catalyzed by kinases and almost as many hydrolytic reactions catalyzed by phosphatases 
(1).  Phosphoryl groups are hydrolyzed from ATP as cargo is trafficked around cells and as 
cells stretch and move; they are transferred to, and clipped from proteins to amplify and 
dampen cellular signals; and when they are appended to small molecules like orotidine (2) 
or dimethyl allyl pyrophosphate (3), they provide the tight binding interactions required to 
draw the substrate into an enzyme’s active site or serve as the leaving group in a 
nucleophilic displacement reaction.  Phosphorous chemistry forms the backbone of 
biology—quite literally—as phosphate diester linkages join the nucleotides in DNA.  
 In order for a biology based on phosphorus to persist, the billions of phosphodiester 
linkages that safeguard an organism’s genetic information must be completely resistant to 
spontaneous hydrolysis so that the DNA backbone does not fray over the organisms’ 
lifetime. It is no wonder, then, that the hydrolysis of phosphate monoesters and phosphate 
diesters, with halftimes of 2.0 x 10-20 s-1 and 7.0 x 10-16 s-1, are among the slowest biological 
reactions known (4, 5).  And yet, a cell must also have the means to accelerate that slow 
reaction to the speed of life so that it can effectively clip the DNA of an invader, recycle 
nucleotides, or remove signaling phosphoryl groups when the stimulus has passed.  The 
reciprocal process, the transfer of a phosphoryl group to an acceptor molecule from a 
phosphate anhydride, usually ATP, is much easier than the hydrolysis of phosphate esters 
(Chapter 2 of this dissertation establishes the rate constant of spontaneous phosphoryl 
group transfer from ATP as 3.9 x 10-9 s-1M-1), but the enzymes that catalyze these reactions 
overcome other difficulties: the gathering of two substrates present at dilute concentrations 
in water (6).   
How might an enzyme accelerate a slow chemical reaction so that it occurs on 
biological timescales?  The task, in thermodynamic terms, is binary: the enzyme must 
decrease the enthalpy of activation (!H‡) or increase the entropy of activation (T!S‡). But the 
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ways in which an enzyme can achieve that reduction in free energy are more varied, and 
phosphoryl group transfer enzymes, perhaps because of the enormity of their task, combine 
many of them.  Transition state stabilization is probably a major factor in catalysis by most 
phosphoryl group transfer enzymes, and crystal structures of these enzymes bound to 
transition state inhibitors show the existence of new hydrogen bonds and electrostatic 
interactions that are not present in the complex of the enzyme and ground state substrate.  
The transition state analog, MgF3
-, which mimics the anionic charge and the trigonal 
geometry of the supposed transition state, binds to amino acid phosphatases, phosphoserine 
phosphatases, and nucleotide kinases more tightly than do the substrate, the product, the 
planar transition state analogue AlF4, or the uncharged transition state analogue, AlF3 (7). In 
the crystal structure of homoserine kinase (one of the kinases examined in Chapter 2) with 
bound homoserine and an ATP analogue, positively charged dipoles of "-helices and the 
amides of the protein backbone in the active site are aligned with the transferred 
phosphoryl group (8).  The authors suggest that homoserine kinase might work by 
stabilizing a transition state structure in which negative charge is accumulated on the non-
bridging oxygens of the transferred phosphoryl group (8), although no transition state 
analogue has been designed to examine that hypothesis.  
Transition state stabilization may be assisted by the presence of metal ions in the 
active site.  Nearly every kinase and phosphatase requires a metal ion for catalysis. Most 
kinases use Mg2+ (9), the serine/threonine phosphatases (which catalyze direct hydrolysis 
without a covalent intermediate) often use Zn2+ and Fe2+ (10), and the phosphate diesterase 
Staphylococcus nuclease uses Ca2+ (11).  But despite their ubiquity, the role of metal ions in 
stabilizing the transition state remains unclear.  The more reactive lanthanide-series metals 
like cerium accelerate phosphoryl group transfer reactions in the absence of enzymes (12), 
but the most common biological metal ions like Mg2+ and Zn2+ tend to have little affect on 
the rate of phosphoryl group transfer in solution (13, 14, unpublished observations).  In 
Chapter 2 of this thesis, this paradox is explored further in order to ascertain whether Mg2+, 
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which does not accelerate spontaneous ATP methanolysis much, is thermodynamically 
neutral as well. 
General base catalysis is also a common mechanism among phosphoryl group 
transfer enzymes, and most kinases employ an aspartate or glutamate residue to 
deprotonate the acceptor alcohol (9).  Yeast hexokinase, which is examined in Chapter 2 as 
an example of an “average” kinase has an active site aspartate residue that may participate 
in the rate-determining step of deprotonating glucose (15).   
Together, transition state stabilization and acid/base catalysis comprise “chemical 
catalysis.” Chemical catalysis generally lowers !H‡ for a reaction, and its importance can be 
inferred from the fact that most single-substrate and hydrolytic enzymes act on !H‡, while 
T!S‡ remains relatively unchanged (16).  But “physical catalysis,” which includes methods 
like juxtaposition and desolvation in the active site, might also play an important and 
underappreciated role in enzyme action (6, 17).   
Unlike single-substrate and hydrolytic enzymes, two-substrate enzymes have the 
additional challenge of bringing together two substrates from dilute solution in an 
orientation appropriate for reaction. In principle, these enzymes might generate a very large 
rate enhancement by compensating for the entropy lost upon substrate binding (6). The only 
two-substrate enzyme for which the activation parameters have been determined, the 
ribosome, acts on T!S‡ exclusively, seeming to rely on physical means of catalysis, either 
approximation or desolvation (17).  Its relatively small rate enhancement (~108) approaches 
the maximum rate enhancement that could be achieved by orientation effects alone. But the 
ribosome may be unusual among enzymes because of its small rate enhancement and its 
active site that consists of RNA. In Chapter 2, the activation parameters are determined for 
three conventional enzymes to examine whether increasing T!S‡ is a general property of 
two-substrate enzymes.  Two of the kinases, N-acetyl galactosamine kinase and homoserine 
kinase, have been proposed to work by juxtaposition based on their relatively sparse active 
sites that lack catalytic bases (8, 18). As noted above, the third kinase, yeast hexokinase 
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contains an active site aspartate that participates in acid/base chemistry (15).  The activation 
parameters for all three kinases are compared to those of the spontaneous methanolysis of 
Mg-ATP in order to determine the relative contributions of !H‡ and T!S‡ to kinase catalysis. 
Desolvation has also been implicated in the action of several enzymes, including the 
catalysis of peptide bond hydrolysis by "-chymotrypsin (19) and the decarboxylation of the 
2-(1-carboxy-1-hydroxyethyl)thiamine pyrophosphate intermediate in the reaction catalyzed 
by pyruvate decarboxylase (20). Extraction of carboxybenzisoxazoles into HMPA produces 
a rate enhancement of ~108 for their decarboxylation (21).  Reactions that are expected to be 
accelerated by desolvation involve changes in charge density as the substrate moves along 
the reaction coordinate from the ground state to the transition state (22). Solvent water 
might stabilize localized charge in the ground state better than diffuse charge in the 
transition state (which would increase !H‡), or water might become ordered around new 
charge that develops in the transition state (which would decrease T!S‡). Both phosphate 
monoesters and phosphate diesterases act on the charged phosphoryl species (the anion in 
the case of the diesterases and the dianion in the case of monoesterases), and in the 
transition states of both reactions, charge is probably more diffuse than in the ground state. 
Moreover, phosphate monoester hydrolysis has already been seen to be accelerated by 
factors of up to 107 in polar organic solvents like HMPA and DMSO (23, 24). Thus, 
phosphate monoester hydrolysis and phosphate diester hydrolysis are good candidates for 
catalysis by desolvation.  In chapters 3 and 4 the effect of extraction into cyclohexane on the 
rates of those reactions is determined.  In chapters 4 and 5, the thermodynamics of 
activation for phosphate ester hydrolysis are determined in polar nonaqueous solvents to 
examine the relationship between solvent polarity and !H‡ and T!S‡ values.   
The catalytic demands of phosphoryl group transfer are without parallel in biology.  
Thus, it seems likely that the enzymes that catalyze these reactions might employ any 
available means of catalysis.  In this dissertation, the thermodynamics of activation for 
phosphoryl group transfer reactions catalyzed by enzymes proposed to use transition state 
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stabilization, acid/base chemistry and juxtaposition are investigated.  In addition, this 
dissertation addresses the roles that metal ions and desolvation might play in accelerating 
nonenzymatic phosphoryl group transfer.  Together, this information outlines the 
thermodynamic requirements of phosphoryl group transfer enzymes and emphasizes the 
multitude of forces that may be involved in the catalysis of their reactions. 
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Chapter 2 
The Intrinsic Reactivity of ATP and the Catalytic Proficiencies of Kinases Acting on 
Glucose, N-Acetylgalactosamine and Homoserine: A Thermodynamic Analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
This research was originally published in the Journal of Biological Chemistry.  Stockbridge, 
R.B., and Wolfenden, R. The Intrinsic Reactivity of ATP and the Catalytic Proficiencies of 
Kinases Acting on Glucose, N-Acetylgalactosamine and Homoserine: A Thermodynamic 
Analysis.  J. Biol. Chem.  2009; 284: 22747-22757.  © The American Society for Biochemistry 
and Molecular Biology. 
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Abstract: 
To evaluate the rate enhancements produced by representative kinases, and their 
thermodynamic basis, rate constants were determined as a function of changing 
temperature for (1) the spontaneous methanolysis of ATP, and (2) reactions catalyzed by 
kinases to which different mechanisms of action have been ascribed. For each of these 
enzymes, the minor effects of changing viscosity indicate that kcat/Km is governed by the 
central chemical events in the enzyme-substrate complex, rather than by enzyme-substrate 
encounter. Individual Arrhenius plots, obtained at intervals between pH 4.8 and 11.0, 
yielded !H‡ and T!S‡ for the nonenzymatic methanolysis of ATP2-, ATP3- and ATP4- in the 
absence of Mg2+. Addition of Mg2+ led to partly compensating changes in !H‡ and T!S‡, 
accelerating the nonenzymatic methanolysis of ATP 11-fold at pH 7 and 25 °C. The rate 
enhancements produced by yeast hexokinase, homoserine kinase and N-
acetylgalactosamine kinase (obtained by comparison of their kcat/Km values in the presence 
of saturating phosphoryl acceptor with the second order rate constant for methanolysis of 
Mg-ATP) ranged between 1012- and 1014-fold. Their nominal affinities for the altered 
substrates in the transition state were 2.1 x 10-16 M for GalNAcK, 7.4 x 10-17 M for HSK, and 
6.4 x 10-18 M for hexokinase. Compared with nonenzymatic phosphoryl transfer, all three 
kinases were found to produce major reductions in the entropy of activation, in accord with 
the likelihood that substrate juxtaposition and desolvation play a prominent role in their 
catalytic action.  
 
Introduction: 
A common property shared by enzymes catalyzing biological reactions that involve 
a single substrate, and hydrolytic and hydration reactions in which the effective 
concentration of water (the second substrate) cannot be elevated much above its 
concentration in living tissue, is their ability to lower the reaction’s heat of activation. The 
rates of these enzymatic reactions are less sensitive to temperature than are the rates of the 
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uncatalyzed reactions; so that the rate enhancements and transition state affinities generated 
by enzymes of this kind increase with decreasing temperature. Entropic effects tend to be 
minor, with an average change in the entropy of activation that approaches zero (1). That 
behavior seems understandable in view of the absence of a second substrate, or the fact that 
the second substrate (water) is present in abundance. Thus, approximation effects seem 
relatively unlikely to play a major role in catalysis by enzymes of those types. Instead, 
enthalpic effects play a prominent role in catalysis, consistent with the formation, in the 
transition state, of new electrostatic and H-bonds between the enzyme and substrate, for 
which much evidence exists in the structures of enzymes crystallized with transition state 
analogue inhibitors (1). 
The effects of enzymes on the enthalpies and entropies of activation of 2-substrate 
reactions remain largely unexplored. The thermodynamics of activation—for an enzyme 
reaction and for the corresponding uncatalyzed reaction—were examined recently for an 
unusual 2-substrate enzyme (2, 3). The peptidyl transferase center of the ribosome was 
found to produce a 3 x 107-fold enhancement of the rate of peptidyl ester aminolysis entirely 
by rendering T!S‡ more favorable, whereas !H‡ was actually found to become less favorable 
on the enzyme than in solution (3). Juxtaposition—the gathering of two or more substrates 
at an enzyme’s active site, in a configuration appropriate for reaction—appears to be partly 
responsible for that rate enhancement, and desolvation of the substrates may also contribute 
to the observed rate enhancement (4, 5). Thus, the ribosome might be said to function as a 
predominantly “physical” catalyst, bringing the substrates near each other in a water-poor 
environment, rather than as a predominantly “chemical” catalyst that participates in the 
reaction as a general acid or a general base. Consistent with that interpretation is the finding 
that ribosomal peptidyl transfer is very strongly inhibited by a bisubstrate analogue devised 
by Yarus and his associates (6). 
Because of its unusual composition (consisting entirely of RNA), and the relatively 
small rate enhancement that it produces, the behavior of the peptidyl transferase center of 
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the ribosome seems unlikely to be typical of 2-substrate enzymes in general.  The present 
work was undertaken with the limited objective of determining the magnitude and 
thermodynamic basis of the rate enhancements that are produced by several more 
conventional protein enzymes that catalyze reactions involving more than one substrate. 
The three enzymes examined here, yeast hexokinase, N-acetylgalactosamine kinase, and 
homoserine kinase, all bind the phosphoryl acceptor and Mg-ATP in random order (7, 8, 9), 
and phosphoryl transfer is pH-insensitive over the pH range between ~7.0 and 8.5 (10, 8, 
11). These enzymes are stable and active over the temperature range between 0 and 50 °C, 
and product inhibition is negligible under the conditions of these experiments.   
These three enzymes were chosen because they have different active site 
architectures that have led to different hypotheses about their mechanisms of action. The 
active site of yeast hexokinase (HK) is equipped with an aspartate residue that may act as a 
general base that deprotonates the acceptor alcohol (12). Many kinases are equipped with 
such a residue (13), although the extent of its involvement in the rate-determining step is 
unclear (14).  In contrast, the crystal structures of N-acetylgalactosamine kinase (GalNAcK) 
and homoserine kinase (HSK) suggest the absence of an active site residue that might act as 
a general base. Thoden and Holden (15) have suggested that GalNAcK catalyzes phosphoryl 
transfer by juxtaposition of its two substrates, with a dissociative transition state like that of 
the spontaneous reaction. In the case of HSK, Krishna et al. (16) have proposed that the 
enzyme juxtaposes the substrates and stabilizes the non-bridging oxygen atoms of ATP in 
the transition state by interaction with backbone –NH- groups and by the positive end of a 
helix dipole. That proposal would seem to imply an associative transition state, in which the 
non-bridging oxygen atoms carry more negative charge than they carry in the ground state. 
In a dissociative transition state, the non-bridging oxygen atoms would be expected to bear 
less negative charge than they do in the ground state, so that pairing them with positively 
charged groups would actually be expected to be anti-catalytic. 
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For comparison with these enzyme-catalyzed reactions of Mg-ATP, we sought to 
determine the rate of a similar reaction in the absence of a catalyst. Earlier work has shown 
that at elevated temperatures the "-phosphorus atom of Mg-ATP undergoes spontaneous 
attack by water in the absence of enzyme (17), that normal alcohols compete effectively with 
water in water-alcohol mixtures (18), and that in the transition state for spontaneous 
alcoholysis and hydrolysis, the bond to the leaving group appears to be almost fully broken 
while the bond to the attacking nucleophile has only begun to form (18).  Because Admiraal 
and Herschlag have shown that the rate of reaction is insensitive to the nature of the 
nucleophilic alcohol, a simple alcohol such as methanol would be expected to serve as a 
reasonable model for the reaction catalyzed by any kinase that mediates direct phosphoryl 
transfer from Mg-ATP to an alcoholic acceptor. We therefore chose to examine the 
thermodynamics of activation for the methanolysis of ATP in the presence and absence of 
Mg2+ at various pH values, using proton NMR to follow the course of reactions conducted in 
sealed tubes at elevated temperatures. 
 
Experimental Procedures: 
Unless otherwise noted, reagents were obtained from Sigma Aldrich Corp. The #-O-
methyl ester of ADP (ADP-O-CH3) and the $-O-methyl ester of AMP (AMP-O-CH3) were 
prepared by condensation of ADP or AMP with methanol in the presence of 0.1 M 
dicyclohexylcarbodiimide in methanol as described by Darzykiewicz et al. (19).  
Uncatalyzed phosphoryl transfer. In a typical experiment, ADP or ATP (0.025 M), methanol (2 
M), and anionic buffers (0.1 M, pH 4.8-9.0) were sealed in quartz tubes under vacuum and 
incubated in convection ovens (Barnstead/Thermolyne Corp., model 47900) at temperatures 
ranging between 50 and 110 °C (±1.5 °C as indicated by an ASTM thermometer) for varying 
periods of time in buffers (0.1 M) consisting of potassium acetate (pH 4.8-6.0), methyl 
phosphonate (pH 7.0-8.0), or sodium carbonate (pH 9.0-11.0). Separate experiments 
involving the addition of potassium chloride showed that, at the buffer concentrations used, 
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reactions were insensitive to changes in ionic strength (less than 3% variation with ionic 
strength varying from 0.1 to 1.0).  After reaction, samples were prepared for analysis by 
evaporation to dryness and dilution with D2O containing sodium carbonate buffer (0.1 M, 
pD 10.0), with dioxane (1.8 x 10-4 M) added as an internal integration standard (8 H, % = 3.7 
ppm).  The integrated intensities of the proton signals arising from methyl phosphate and 
from the C8 adenine protons of ATP, ADP, and AMP (Figure 2.1) were then measured using 
a Varian 600 MHz spectrometer. Data were acquired for a minimum of 4 transients using a 
standard water suppression pulse sequence, and processed using SpinWorks (20).  
Metal-catalyzed phosphoryl transfer.  In reactions conducted in the presence of MgCl2 and 
MnCl2, the concentration of metal ions (0.025 M) exceeded the value of Kd by at least 2 
orders of magnitude (21).  In experiments with added Mn2+, samples were prepared for 
NMR analysis by first removing Mn2+ ions by stirring with Chelex-100 beads (25% by 
volume) for thirty minutes followed by filtration to remove the beads. That treatment was 
repeated three times, and the filtrate was evaporated to dryness and taken up in D2O for 
1H 
NMR as described above. 
Kinase-catalyzed phosphoryl transfer.  Homoserine kinase from Methanococcus jannaschii and 
human N-acetylgalactosamine kinase were a gift from Drs. Hazel Holden and James 
Thoden of the University of Wisconsin at Madison. Enzyme assays were performed using 
isothermal titration calorimetry (VP-ITC, Microcal, Northampton, MA) as described by 
Todd and Gomez (22). To determine kcat/Km using ATP as the variable substrate, the 
enzyme (~ 1 x 10-8 M active sites) and saturating (0.01 M) substrate (see below) were first 
prepared in HEPES buffer (0.1 M, pH 8.0) with magnesium chloride (5 x 10-3 M), and 
degassed for 10 minutes to prevent bubble formation during the experiment. After thermal 
equilibration and a 200 s time lag to establish a baseline, the second substrate, ATP (0.0075 
mL) was injected into the reaction mixture (1.45 mL) to initiate the reaction. The final 
concentration of ATP (1 x 10-5 M) was well below its Km value for each of the enzymes 
examined (1.0 x 10-4 M for homoserine kinase (Table 2.1), 6.3 x 10-5 M for hexokinase 
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(reference 23), and 8.3 x 10-5 M for N-acetylgalactosamine kinase (Table 2.1)).  In experiments 
of this kind, the enzyme reaction releases an amount of heat directly proportional to the 
amount of substrate turned over. The instrument output (Figure 2.2A) reflects the amount of 
energy required to offset the heat generated by the reaction, and the lightly shaded area 
under the instrument response curve (Figure 2.2A) represents the amount of heat generated 
in the turnover of 1 x 10-5 M ATP. The integrated area between substrate injection and time t 
(dark gray area), divided by the total area in the well, represents the percentage of reaction 
that has occurred at time t:   
  
! 
P(t)= Si[ ]
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dt
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0
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      (Eq. 1) 
A continuous reaction curve was generated from the integral of the calorimeter output 
(Figure 2.2B). Typically, conditions were arranged so that reactions ran to completion in 
~2000 s.  The first 10% of the curve (excluding approximately 30 seconds allowed for mixing 
immediately after injection) was used to calculate the rate constant. In a plot of the product 
formed as a function of time (Figure 2.2B), that portion of the curve is approximately linear 
and its slope is proportional to the second order rate constant, kcat/Km: 
  
! 
kcat
Km
=
slope
EA[ ] ATP[ ]
    (Eq. 2) 
where [EA] is the concentration of the enzyme saturated with the phosphoryl acceptor.  
To verify the accuracy of this method, the results obtained calorimetrically at 25 °C 
were compared with those obtained using a coupled assay to detect ADP generation by the 
decrease in UV absorbance at 340 nm, arising from the oxidation of NADH in the presence 
of pyruvate kinase and lactate dehydrogenase (24) at 25 °C. The results obtained by these 
methods were in close agreement with each other, and the kcat and Km values determined by 
ITC were in close agreement with values from the literature (Table 2.1).  
Effects of viscosity.  Relative viscosities were adjusted over the range between 1.0 and 6.5 by 
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adding trehalose, polyethylene glycol (average molecular weight = 300) or sucrose. 
Viscosities of buffered solutions were measured using a Cannon-Fiske kinetic viscometer at 
25 °C.  Rate constants (kcat and kcat/Km) were determined using both the ITC method and the 
coupled enzyme assay described above. Effects of viscosity on kcat/Km were determined for 
each enzyme in the presence of saturating phosphoryl-accepting substrate (0.01 M) and 
subsaturating ATP (1 x 10-5 M).  Effects of viscosity on kcat were determined with both ATP 
and the phosphoryl acceptor at saturating concentrations (0.01 M). 
 
Results: 
Specificity of nonenzymatic ATP methanolysis.  In the presence of methanol, the major reaction 
product was methyl phosphate (MeP), formed by transfer of the "-phosphoryl group to 
methanol in a reaction analogous to the reactions catalyzed by kinases that phosphorylate 
hydroxyl groups.  In principle, other products could also be formed by the reaction of ATP 
with methanol. Thus, methanol attack could occur at the #-position in a reaction analogous 
to that catalyzed by GTP diphosphokinase and thiamine diphosphokinase; or cleavage 
could occur between the $- and #-phosphoryl groups, to yield ADP-O-CH3 (by methanol 
attack at the #-phosphoryl group) or AMP-O-CH3 (by attack at the $-phosphoryl group). 
Although no enzymes appear to catalyze reactions of the first type, many enzymes catalyze 
reactions of the second type, including DNA polymerases, aminoacyl-tRNA synthetases, 
and acyl-CoA synthetases.  Finally, in a reaction analogous to that catalyzed by S-adenosyl 
methionine synthetase, ATP could undergo attack at the "-phosphoryl group to yield 5’-
methyl adenosine and inorganic triphosphate.  
In fact, a small amount of ADP-O-CH3, equal to ~1.5% of the amount of MeP formed, 
was observed in the 1H NMR spectrum of the product mixture arising from ATP 
methanolysis at pH 7.0 (doublet; d=3.55).  Its identity was confirmed by addition of 
authentic ADP-O-CH3. At low pH, but not at pH 7, a small amount of adenosine was also 
formed (~1% the amount of MeP).  No other products were observed by 31P or 1H NMR at 
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pH 4.8 or 9.0 or in the presence of 0.025 M Mg2+ at pH 7.0.  The sensitivity of the instrument 
was such that formation of methyl pyrophosphate or AMP-O-CH3 would have been 
observable if either of those reactions had occurred at rates equivalent to >0.1% of the rate of 
formation of MeP. 
ADP and ATP methanolysis occur at virtually identical rates.  In aqueous methanol, ATP 
hydrolysis and methanolysis occur concurrently, and ADP formed during the reaction can 
then undergo a second hydrolysis or methanolysis reaction (Figure 2.3). (The amount of 
AMP obtained by hydrolysis is equal to the difference between total amounts of AMP and 
MeP formed).  To calculate the rate of ADP methanolysis, the observed rate of ADP 
decomposition (k3 + k4)  
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was divided into methanolysis and hydrolysis terms based on the relative amounts of MeP 
and AMP formed. 
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These equations were combined to evaluate k4: 
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ATP methanolysis is more complicated to analyze because MeP derived from ADP also 
contributes to the amount of product observed.  
 To estimate the value of k2, the disappearance of ATP was monitored to determine 
the composite rate constant (k1 + k2).  The amount of “transient ADP” that decomposes in a 
second phosphorylation reaction is equal to the amount of AMP formed. Based on 
“transient ADP” and the ratio of k3 to k4 determined previously, the amount of MeP derived 
from ADP was estimated and subtracted from the total amount of MeP formed.  The 
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corrected result, representing the amount of MeP derived from ATP, was used to determine 
k2.  The resulting rate constants were found to vary in proportion to the methanol 
concentration (data not shown).   
Arrhenius plots obtained for ADP and ATP methanolysis at pH 5.5 and 7.0 were 
found to be virtually superimposable (Figure 2.4, top and middle panels). But at pH 9.0, 
where ADP and ATP are completely unprotonated, ATP4- reacted approximately twice as 
rapidly as ADP3- over the temperature range from 50 to 110 ˚C (Figure 2.4, lower panel).  
That difference was also noted by Admiraal and Herschlag in earlier experiments at high 
pH (18). 
ATP methanolysis in the absence of Mg2+.  To obtain information about the methanolysis of 
ATP2-, ATP3-, and ATP4- in the absence of Mg2+, Arrhenius plots with at least six data points 
were gathered over the temperature range from 50 to 110 °C (R2 !0.975) at each of seven pH 
values between 4.8 and 9.0. Apparent pKa values of 6.5 and 4.3 were determined by titration 
at 25 °C under the conditions of the experiment. Comparable pKa values were reported 
earlier at this temperature and ionic strength (25).  
The methanolysis of ATP showed a gradual decrease in rate with increasing pH 
(Figure 2.5). Similar behavior was described earlier by Tetas and Lowenstein for ATP 
hydrolysis (17). Interestingly, !H‡ and T!S‡ differed for each species of ATP, leading to an 
unusual pH profile with a maximum in the enthalpic barrier and a minimum in the entropic 
barrier at pH 6.0 (Figure 2.5).  The complexity of this behavior presumably arises from the 
very different heats of ionization of amines and phosphoric acid derivatives, and the fact 
that the ionization of ATP at pH 4.2 involves the loss of a proton from N-1 of the adenine 
ring whereas the ionization of ATP at pH 6.5 involves deprotonation of the "-phosphoryl 
group. (See the Discussion section for further information about the ionization of ATP).  At 
pH 6.0-9.0, the contributions of ATP3- and ATP4- dominate the observed activation 
parameters, and at pH 5.5 and 4.8 the contribution of ATP2- to the observed activation 
parameters becomes evident (shaded portion of Figure 2.5).  
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Rate constants and activation parameters for ATP3- methanolysis (Table 2.2) were 
estimated from the observed rates at pH 6.0-8.0, the measured rate constant for ATP4- 
methanolysis at pH 9.0, and the relative abundance of the ionized species of ATP3- derived 
from a titration curve.  For example, at pH 8.0, 92.5% of ATP is present as ATP4- and 7.5% of 
ATP is present as ATP3-.  The rate of methanolysis of ATP4-, measured at pH 9.0, was found 
to be 7.1 x 10-11 M-1 s-1.  The observed rate constant for methanolysis at pH 8.0, 1.6 x 10-10 M-1 s-
1 is the sum of the rate constants for ATP4- methanolysis and ATP3- methanolysis, with both 
values adjusted to reflect the relative abundance of the reacting species:  
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 In the same manner, the rate constant for ATP3- methanolysis was calculated for 
experiments carried out at pH 6.0, 7.0, 7.5, and 8.0.  The average of the four values obtained 
for the rate constant for ATP3- methanolysis was 1.3 x 10-9 M-1 s-1, with a !G‡ value of 29.5 
kcal/mol.  No single value deviated from that average by more than 0.4 kcal/mol.   
The value of !H‡ was estimated from the slopes of the Arrhenius plots obtained at 
pH 6.0, 7.0, 7.5, and 8.0.  The average value for !H‡ obtained from the four experiments was 
26.8 kcal/mol.  No single value deviated from that average by more than 0.8 kcal/mol. 
ATP and ADP methanolysis in the presence of Mg2+.  Because excessive amounts of divalent 
cation lead to aggregation of Mg-ATP complexes (26), Mg2+ was maintained in these 
experiments at a concentration equivalent to that of the nucleotide. ITC experiments (not 
shown) indicated dissociation constants of 1.7 x 10-5 M for Mg-ATP and 1.47 x 10-4 M for Mg-
ADP at 25˚ C, in reasonable agreement with values from the literature (21). At 25°, with both 
components present at a concentration of 0.025 M, 97% of the ATP and 93% of the ADP are 
present as their Mg2+ complexes, and their Kd values have been shown to decrease with 
increasing temperature (27).  Titrations of ATP-Mg or ADP-Mg indicated that at pH 7.0, the 
phosphoryl groups are completely unprotonated (Mg-ATP2- and Mg-ADP-).  
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Whereas ADP and ATP are similarly reactive in the absence of Mg2+ (as described 
above), these nucleotides were found to exhibit differing reactivities in the presence of Mg2+ 
(Table 2.2). Figure 2.6 shows Arrhenius plots for the methanolysis of Mg-ATP, the 
methanolysis of Mg-ADP, and the methanolysis of ATP in the absence of Mg2+ at pH 7.0. 
Data are shown in pairs to facilitate visual comparison. At all temperatures examined, Mg2+ 
enhanced the rate of ATP methanolysis.  And when the Arrhenius plots were extrapolated 
to room temperature, it became evident that Mg2+ accelerates ATP methanolysis by ~ 1 
order of magnitude at 25˚ C (Figure 2.6A), a larger factor than had been observed in earlier 
experiments at higher temperatures (17, 18). But ADP methanolysis behaved somewhat 
differently, in that Mg2+ actually inhibited ADP methanolysis at high temperatures, whereas 
its effect was found to be almost negligible at 25° C  (Figure 2.6B). Mg-ADP methanolysis 
occurs 10-fold more slowly than Mg-ATP methanolysis between 50 and 110 °C (Figure 
2.6C).  The entropies of activation for Mg-ATP and Mg-ADP methanolysis were virtually 
identical (Table 2.2). 
Because Mn2+ and Mg2+ have been reported to form somewhat different complexes 
with ATP (possibly $&#&" for Mn2+, as contrasted with #-" for Mg2+ (28)), and because 
GalNAcK (like many other kinases) can use Mn2+ in place of Mg2+ with only a two-fold 
reduction on the rate of reaction (8), we also examined the effect of Mn2+ on the uncatalyzed 
methanolysis of ATP.  Since the Kd value of ATP-Mn
2+ is 1.6 x 10-6 M, 99% of the ATP is 
complexed with the metal ion when both components are present at a concentration of 0.025 
M. Thus, Mn2+ catalyzes ATP methanolysis slightly more effectively than does Mg2+. But the 
activation parameters are so similar for Mg2+ and Mn2+ (Table 2.2) that it appears unlikely 
that these ions increase the rate of ATP methanolysis by substantially different mechanisms. 
Temperature dependence of enzyme reaction rates.  In the present work, we used isothermal 
calorimetry to determine the effects of temperature on the kinetic behavior of these enzymes 
directly, and avoid complications that might arise from the use of coupling enzymes (each 
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with its own temperature dependence). The kinetic constants obtained using ITC at 25 °C 
were in satisfactory agreement with values at 25 °C reported in the literature (Table 2.1). 
Plots of initial rates as a function of [S] showed that GalNAcK binds the phosphoryl 
acceptor N-acetylgalactosamine (GalNAc) with positive cooperativity (data not shown). 
Hexokinase has been reported to exhibit similar behavior with glucose (29). But we 
observed no signs of cooperativity for homoserine in case of HSK. In the presence of 
saturating phosphoryl acceptor, the influence of ATP concentration on the reactions 
catalyzed by all three kinases showed no signs of positive cooperativity. Therefore, to 
determine kcat/Km for GalNAcK and hexokinase the phosphoryl-accepting substrate was 
chosen as the saturating substrate1, and ATP was added at a limiting concentration (1 x 10-5 
M) equivalent to approximately 10% of the Km of ATP for each of the three kinases.  Values 
of kcat/Km were determined at pH 8.0, where the activity each of these enzymes is near-
maximal (8, 10, 11). For hexokinase and GalNAcK, rates were measured over the 
temperature range between 5 and 35 °C. For HSK, rates were measured over the 
temperature range between 10 and 65 °C. The results yielded linear Arrhenius plots (r2 > 
0.97, Figure 2.7), which were used to calculate the activation parameters shown in Table 2.3. 
Viscosity dependence.  Viscosogens were used to test the possibility that either substrate 
binding or product release might occur more slowly than substrate transformation by each 
of the three kinases. If kcat reflected the unimolecular process of product release, or if kcat/Km 
reflected the bimolecular process of substrate binding, then these relative rate constants 
would be expected to decrease with increasing viscosity. If substrate transformation were 
rate-determining, then no change in reaction rate would be expected to occur with 
increasing solvent viscosity. 
                                       
1
 At 27 °C, 38.8% of glucose is present in solution as the $-pyranoside and 60.9% of glucose is present 
as the #-pyranoside. The position of that equilibrium is quite insensitive to changing temperature: the 
relative abundance of the $-anomer increases by ~1% over 40 °C (30). Hexokinase binds and 
phosphorylates both anomers, with only slight discrimination between these species (Km = 5.8 x 10
-5 
M and 6.6 x 10-5 M, respectively; and Vmax was 1.3 times greater for the $-pyranoside than for the #-
pyranoside (31). 
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The present experiments were conducted using sucrose as the viscosogen, at 25 °C, 
using both ITC and the NADH-coupled assay methods. Some experiments were replicated 
using either trehalose or PEG300 as the viscosogen, and established that the observed changes 
in reaction rate were due to viscosity effects rather than to inhibition by sucrose.  Figure 2.8 
shows that no significant viscosity dependence was observed for kcat or kcat/Km of GalNAcK, 
nor for kcat/Km of hexokinase, indicating that these processes are not limited by physical 
diffusion.  Small viscosity effects (with slopes < 0.25) were observed for both kcat and kcat/Km 
in the case of HSK, and for kcat in the case of hexokinase (Figure 2.8). The small slopes 
observed suggest that for these kinases, kcat and kcat/Km are not limited by diffusion.    
 
Discussion: 
Phosphoryl transfer from ATP to methanol in the absence of Mg2+.  ATP exhibits two pKa values 
in the physiological pH range, ~4.3 and ~6.5. (Figure 2.9).  The lower value mainly describes 
the dissociation of a proton from N1 of the adenine ring of ATP
-2 whose N1 is positively 
charged below that pKa value (32), while the higher values value is largely associated with 
the loss of the second proton from the "-phosphoryl group of ATP-3. 
At first glance, N-1 of the adenine ring might appear to be too distant from the #- 
and "-phosphoryl groups of ATP to affect their reactivities. In solution, however, adenosine 
polyphosphates are not fully extended but adopt a compact anti-conformation in which the 
$-phosphoryl group approaches the adenine ring (33).  Thus, the pKa value of the adenine 
ring has been shown to be sensitive to the state of phosphorylation of adenosine, and the 
observed entropies of protonation imply that the conformations of both ATP and ADP in 
solution allow interaction between the positive charge on the adenine ring and the negative 
charge on the terminal phosphoryl group (34, 35). But in the case of AMP, the phosphoryl 
group and the adenine ring do not appear to interact, since the phosphoryl group of AMP 
does not affect the pKa value of the 1-(-NH
+=) group of the adenine ring (34).) One 
consequence of these intramolecular interactions is that the inductive effects of the 
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phosphoryl substituents deshield the adenine C8 proton (36) to differing extents, making it 
possible to quantify the relative amounts of AMP, ADP, and ATP in reaction mixtures by 1H 
NMR and to determine the rates and activation parameters for the hydrolysis and 
methanolysis of ADP and ATP (Figure 2.1).  
In the absence of Mg2+, the major products of reaction between and ATP and 
methanol were ADP and methyl phosphate. In addition, we observed ~1.5% “wrong-way” 
cleavage at the #-phosphoryl group, to form the secondary product ADP-O-CH3. This latter 
reaction does not correspond to any biological process that is currently known, although it 
has been suggested that ADP-O-CH3 might have served as a stable starting point for 
prebiotic RNA synthesis (37). No other products were observed. 
The rates and activation parameters for phosphorylation of methanol, in the absence 
of Mg2+, varied over the pH range examined in these experiments (4.8-11.0), in which ATP2- 
(ring-protonated), ATP3- and ATP4- were present in varying proportions. The methanolysis 
of ATP3- was found to be more favorable entropically, but slightly less favorable 
enthalpically, than the methanolysis of ATP4-.  At 25 °C, the methanolysis of ATP3- was 
found to proceed approximately four-fold more rapidly than the methanolysis of ATP4-. 
This behavior differs from that of phosphate monoesters, in which ionization increases 
reactivity (38-41) by factors as large as 109 (41), and from that of acyl phosphate anhydrides, 
in which reactivity increases ~100-fold in alkaline solutions (42, 43). 
At and below pH 5.5, the methanolysis of ATP2- (ring-protonated at N-1) begins to 
contribute to the observed rate and activation parameters (Figure 2.5). Superficially, it is 
clear that the methanolysis of ATP2- occurs more rapidly than the methanolysis of ATP3-, 
and that the methanolysis of ATP2- is less favorable entropically, but more favorable 
enthalpically, than the methanolysis of ATP3- (Figure 2.5). But because amines have 
substantial enthalpies of protonation (~11 kcal/mol) (44), unlike phosphoryl groups (~ 1 
kcal/mol) (44), the fraction of ATP that is ring-protonated at any pH value varies markedly 
with temperature. That variation would need to be taken into account in any attempt at a 
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more detailed interpretation of the thermodynamics of activation for methanol attack on 
ATP2- at low pH.  
Effect of the divalent cation. In earlier comparisons of the rates of uncatalyzed solvolysis of 
ATP and Mg-ATP, carried out at a single elevated temperature (17, 18), the presence of Mg2+ 
was shown to result in an approximate doubling of the rate. We confirmed those results, 
observing a 3.4-fold rate enhancement for ATP hydrolysis or methanolysis by Mg2+ at 80˚ 
(equivalent to a decrease of 0.7 kcal/mol in !G‡ at 80˚). But the presence of Mg2+ exerts a 
more pronounced effect on the thermodynamics of activation: !H‡ for methanolysis 
becomes 4.1 kcal/mol more favorable, while T!S‡ becomes 2.7 kcal/mol less favorable, than 
for reaction in the absence of Mg2+ (Figure 2.5).  Extrapolated to 25°, the presence of Mg2+ 
increases the rate of ATP methanolysis by a factor of 11 above that of the metal-free reaction 
at pH 7.0 (Table 2.2). Interestingly, Mg2+ was found to retard the degradation of ADP to 
AMP, and this effect became more pronounced with increasing temperature (Figure 2.6). 2 
In addition to enhancing the rate of methanolysis of ATP by 1 order of magnitude, 
the presence of Mg2+ narrows the specificity of the nonenzymatic phosphorylation of 
methanol by enhancing the preference for ATP as a substrate and for the "-phosphoryl 
group as the site of methanol attack. Thus, in the presence of Mg2+, at pH 7.0, methanolysis 
occurs at the "-phosphoryl group >99.9% of the time.  In the absence of Mg2+, as noted 
above, “wrong-way” cleavage at the #-phosphoryl group occurred ~1.5% of the time to 
yield secondary product ADP-O-CH3. 
                                       
2Since ATP binds Mg2+ with little effect on the rate of reaction in the absence of the enzyme, but Mg2+ 
is essential for reactions in the presence of the enzyme, it follows that Mg2+ is more strongly bound in 
the transition state for the enzyme reaction than in the transition state for the uncatalyzed reaction.  
The extent to which the catalytic effects of the enzyme and Mg2+ are interdependent seems to vary 
among kinases. At one extreme, crystal structures suggest that the active site of UMP/CMP kinase 
from Dictyostelium discoideum makes no contact with the metal ion, so that the requirement for Mg2+ 
seems to arise entirely from interactions between the metal ion and the substrate (45). But in other 
kinases, including the three examined here, the metal ion forms a bridge between the enzyme and 
ATP (14). In those cases, the absence of the metal ion presumably interrupts the network of enzyme-
substrate interactions that stabilizes the transition state. 
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Thermodynamic basis of kinase catalysis.  Figure 2.10 shows that GalNAcK, HSK, and 
hexokinase vary in the extent to which they alter T!S‡ and !H‡.  HSK and hexokinase 
achieve a majority of their catalytic effect by decreasing the enthalpy of activation for 
substrate phosphorylation. The active site of HSK contains the positively charged end of a 
helix dipole in a position that appears to be appropriate for stabilizing an associative 
transition state (16).  And hexokinase is equipped with an aspartate residue that may serve 
as a catalytic base (12).  The substantial reduction in !H‡ produced by HSK and hexokinase 
appear to be consistent with those mechanistic possibilities. Notwithstanding the dominant 
enthalpic component of catalysis, HSK and hexokinase achieve a significant proportion of 
their rate enhancements by increasing T!S‡. That entropic component of the catalytic effect 
may represent, at least in part, a requirement for substrate juxtaposition that is general for 
multi-substrate enzymes that proceed by direct group transfer.  
In contrast, much of the rate enhancement produced by GalNAcK (9.2 kcal/mol, or 6 
x 106 -fold) is attained by raising the value of T!S‡ by an amount comparable with that 
produced by the peptidyltransferase center of the ribosome (3).  Thus, much of the catalytic 
effect of GalNacK may arise from substrate juxtaposition and desolvation. Consistent with 
that possibility, the crystal structure of GalNAcK fails to disclose the presence of any 
potential active site base or other chemical group that might be expected to stabilize the 
altered substrate in the transition state (15).   
Nevertheless, GalNAcK also lowers the enthalpic activation barrier by 7.6 kcal/mol 
(equivalent to an additional 4 x 105-fold rate enhancement).  Without that enthalpic 
component, the rate of substrate turnover catalyzed by GalNAcK would fall short of the 
values required for biological function. Simple juxtaposition cannot overcome the free 
energy barriers that must be surmounted in slow chemical processes such as the alcoholysis 
of ATP. Additional enthalpic effects (which may include stabilizing interactions between the 
enzyme and the altered substrate in the transition state, desolvation, and interactions 
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between the substrate and Mg2+) are required to accelerate these reactions to biological 
significant rates. 
Kinase rate enhancements and implications for inhibitor design.  This work was undertaken with 
the limited objective of establishing the rate enhancements produced by several kinases that 
catalyze direct phosphoryl transfer to alcohols, and the thermodynamic basis of those rate 
enhancements.  From that information, we hoped that it might be possible to learn whether, 
at least in principle, a bisubstrate analogue would be the best inhibitor that could be 
designed for a kinase, or whether it might also be important to mimic the special polar 
interactions (H-bonds or electrostatic interactions) between enzyme and substrate that 
distinguish substrates in the transition state from substrates in the ground state.  
In fact, the magnitudes of the rate enhancements that these enzymes produce, 
(hexokinase, 4.6 x 1014-fold; HSK, 4.6 x 1014-fold; and GalNAcK, 2.6 x 1012-fold), are 
substantially greater than the maximal value (~108-fold) that has been estimated to be 
achievable by juxtaposition and orientation alone (46). Each of the kinases examined in this 
work achieves a large rate enhancement, not only by rendering the entropy of activation 
more favorable but also by reducing the enthalpy of activation.  The behavior of these 
kinases differs from that of the peptidyl transferase center of the ribosome, which generates 
its relatively modest catalytic effect by entropic means alone.  
We also hoped to learn whether the magnitude of the entropic component of an 
enzyme's rate enhancement might furnish some indication of the importance of physical 
juxtaposition and desolvation for catalysis (as contrasted with more conventional "chemical" 
catalysis), and hence, might provide some indication of its susceptibility to inhibition by a 
bisubstrate analogue. So far as we are aware, the appropriate inhibitors remain to be 
prepared and tested for GalNAc kinase or HSK.  But adenylate kinase, which shares with 
GalNAc kinase the absence of any obvious catalytic base at the active site, is very strongly 
inhibited by the bisubstrate analogue Ap5A (Ki 4 x 10
-9 M) (47). Conversely hexokinase, 
which is equipped with a basic group in a position appropriate for abstracting a proton from 
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the phosphoryl acceptor, is inhibited very weakly by the corresponding bisubstrate 
analogue Ap4glucose (Ki 4 x 10
-2 M) (48).  
Finally, the rate constants observed for the enzymatic and nonenzymatic reactions 
make it possible to estimate the nominal affinities of the kinases considered here for the 
altered substrates in the transition state.  Figure 2.11 shows that for an enzyme that catalyzes 
a 2-substrate reaction, the nominal dissociation constant of the reacting substrates in the 
transition state (Ktx) can be estimated by dividing the second order rate constant of the 
uncatalyzed reaction (knon), multiplied by the Km values of each of the substrates, by kcat (49). 
Applying that approach to the rate constants in Tables 2.1 and 2.2, we estimate that the 
approximate values of Ktx at 25 °C are 2.1 x 10
-16 M for GalNAcK, 7.4 x 10-17 M for HSK, and 
6.4 x 10-18 M for hexokinase. Those values imply that there is ample room for improvement 
in the design of inhibitors of this important class of enzymes. 
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Table 2.1:  kcat and Km values for GalNAcK, HSK, and hexokinase measured calorimetrically 
compared to those reported in the literature.   
enzyme  Km, ATP   (ITC) 
    Km, ATP 
(literature) 
Km, acceptor 
   (ITC) 
     Km, acceptor 
    (literature) 
  kcat 
 (ITC) 
      kcat 
(literature) 
GalNAcK 9.3 x 10-5 M 6.3 x 10-5 M (8) 1.2 x 10-4 M 1.4 x 10-4 M (8) 2.5 s-1 -- 
HSK 1.1 x 10-4 M 1.0 x 10-4 M (11) 8.7 x 10-5 M 1.9 x 10-4 M (11) 45 s-1 57 s-1 (11) 
hexokinase -- 1.2 x 10-4 M (23) -- 7.2 x 10-5 M (22) -- 270 s-1 (22) 
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Table 2.2:  Rate constants and thermodynamics of activation for the methanolysis (unshaded 
rows) and hydrolysis (shaded rows) of different species of ATP. In the case of hydrolysis, the 
reactivity of water was taken as unity.  Values for the reaction of ATP4-, Mg-ATP, Mn-ATP, and 
Mg-ADP were obtained from Arrhenius plots.  The estimated errors associated with the 
thermodynamic values obtained directly from Arrhenius plots are " 0.4 kcal./mol.  In the 
exceptional case of ATP3-, thermodynamic values shown represent mean values derived from 
four Arrhenius plots constructed at pH values between 6.0 and 8.0 as described in the text.  No 
single value deviated from the mean by more than 0.8 kcal./mol.  The standard deviations of 
the measurements ranged from 0.1 – 1.0 kcal./mol. 
 !G‡,a !H‡,a T!S‡,a k25 t1/2 (25 °C) 
30.3b 25.0 -5.3 3.4x10-10 s-1M-1 67 years M-1 
ATP4- 
28.9c 27.9 -1.0 1.5x10-9 s-1 6.3 years 
29.5±.3 26.8±.6 -2.7±.9 1.3x10-9 s-1M-1 17 years M-1 
ATP3- 
28.0±.1 27.6 ±.9 -0.4±1.0 1.7x10-8 s-1 499 days 
28.8 22.8 -6.0 3.9x10-9 s-1M-1 5.6 years M-1 
Mg•ATP2- 
27.5 25.6 -1.9 3.8x10-8 s-1 210 days 
28.1 22.1 -6.0 1.4x10-8 s-1M-1 1.6 years M-1 
Mn•ATP2- 
26.8 25.4 -1.4 1.3x10-7 s-1 63 days 
30.3 24.5 -5.7 3.4x10-10 s-1M-1 64 years M-1 
Mg•ADP- 
28.7 25.8 -2.8 5.3x10-9 s-1 4.1 years 
 
a kcal/mol 
b methanolysis reaction values in unshaded rows 
c hydrolysis reaction values in shaded rows 
 33 
Table 2.3: Rate constants and thermodynamics of activation (in kcal./mol) for GalNAcK, 
HSK, and hexokinase.  Data for the uncatalyzed reaction, the methanolysis of Mg-ATP at 
pH 7.0, is taken from Table 2.2. 
enzyme !G ‡ !H ‡ T!S ‡ k25 (s
-1M-1) rate enhancement 
GalNAcK 12.0 15.2 3.2 1.0 x 104 2.6 x 1012 
HSK 10.3 10.1 -0.2 1.8 x 105 4.6 x 1013 
hexokinase 8.9 9.4 0.5 1.8 x 106 4.6 x 1014 
uncatalyzed 28.8 22.8 -6.0 3.9 x 10-9 --- 
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Figure 2.1:  1H NMR spectra (500 MHz) of (A) ATP hydrolysis reaction products AMP (!), 
ATP (!), and ADP (!) and (B) ADP methanolysis reaction products AMP, ADP, and MeP 
("). 
 35 
Figure 2.2:  Isothermal calorimetric measurement of the second order rate constant of the 
reaction catalyzed by HSK (A).  1.5 mL of  3 x 10-8 M enzyme (lower trace) or 0 M enzyme 
(upper trace) in HEPES buffer, pH 8.0, with 0.1 M homoserine was loaded into the reaction 
cell and equilibrated at 25 °C. The reaction was initiated by injecting 7.5 x 10-3 mL ATP (to a 
final concentration of 1 x 10-5 M ATP, a concentration far below the Km for ATP) in the same 
buffer at t = 0. When HSK was present in the reaction cell (lower trace), heat was generated 
in proportion to substrate turnover.    To calculate the percentage of reaction completed at 
any time t (arrow), the area in the well at time t (dark gray shaded area) was divided by the 
total area in the well (gray shaded area).  In this way, a continuous reaction curve of product 
as a function of time was generated (B).  The first 10% of that curve was used to calculate the 
second order rate constant kcat/Km.  
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Figure 2.3:  ATP hydrolysis and methanolysis reaction pathways. 
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Figure 2.4:  Arrhenius plots of the rate constants for methanolysis of ATP (") and ADP (!) 
methanolysis at pH 5.5 (top), pH 7.0 (middle), and pH 9.0 (bottom). 
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Figure 2.5:  Thermodynamics of activation for the methanolysis of ATP. At pH values to the 
right of the dashed line, the reaction of ATP3- and ATP4- contribute to the observed 
activation parameters.  These data points were used to calculate the rate and 
thermodynamics of activation for the methanolysis of ATP3- (Table 2.2).  At pH values in the 
shaded region to the left of the dashed line, ATP2- (protonated at N1) also contributes to the 
observed rate and activation parameters. 
 39 
Figure 2.6:  Arrhenius plots of the rate constants for the methanolysis of Mg-ATP ("), Mg-
ADP ("), and ATP (!) at pH 7.0.  Data are shown in pairs to allow visual comparison.  
Panel A shows Mg-ATP versus ATP in the absence of Mg2+ (pH 7.0), panel B shows ATP 
versus Mg-ADP, and panel C shows Mg-ATP versus Mg-ADP.  The extrapolation to 25 °C is 
shown (dashed vertical line). 
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Figure 2.7: Arrhenius plots of the second order rate constants for the reactions catalyzed by 
hexokinase (!), HSK ("), and GalNAcK (!). 
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Figure 2.8:  Effects of relative viscosity in the presence of added sucrose on kcat and kcat/Km 
for GalNAcK, HSK, and hexokinase at 25 °C.  When small effects were observed (kcat/Km for 
GalNAcK, kcat for GalNAcK, and kcat for hexokinase) the points were fit to a line using linear 
least squares regression.  Slopes of those lines are, respectively, 0.22, 0.15, and 0.11.  Similar 
results were obtained using trehalose and PEG300 as viscosogens. 
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Figure 2.9:  Protonation and chelation states of ATP. The pKa values are indicated. 
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Figure 2.10:  The proportion of kinase rate enhancements achieved by lowering !H‡ (red) 
and raising T!S‡ (cyan). !!H‡ and T!!S‡ were obtained by comparing thermodynamic 
parameters for kinase-catalyzed phosphoryl transfer with those for spontaneous Mg-ATP 
methanolysis (Table 2.3). For comparison, the ribosome (2, 3) and a representative single-
substrate enzyme, fumarase (1), are also shown. 
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Figure 2.11: Transition state binding for a two-substrate reaction.  In the case of the reactions 
described here, E represents the enzyme, A represents the phosphoryl-accepting substrate 
alcohol, B represents ATP, P represents the products, k is Boltzmann’s constant and h is 
Planck’s constant. 
 
  
 
Chapter 3 
Phosphate Monoester Hydrolysis in Cyclohexane 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reprinted with permission from Stockbridge, R.B., and Wolfenden, R.  (2009) J. Am. Chem. 
Soc. 131: 18248-18249, copyright 2009 The American Chemical Society.   
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Abstract: 
The hydrolysis of simple phosphate monoesters is among the most difficult reactions 
that are subject to catalysis by enzymes, and it has been suggested that extraction of the 
substrates from solvent water may contribute to the catalytic effects of phosphohydrolases. 
Here, we show that the tetrabutylammonium salt of neopentyl phosphate enters wet 
cyclohexane at concentrations sufficient to allow determination of its rate of hydrolysis. The 
second order rate constant for hydrolysis of the phosphomonoester dianion is enhanced ~ 2 
x 1012-fold by transfer from water to cyclohexane. That rate enhancement arises from an 
increase in the entropy of activation. 
 
Results and Discussion: 
With an estimated half-life of 1011 years at 25 °C, the spontaneous hydrolysis of a 
monoalkyl phosphate dianion may be the most difficult reaction that is catalyzed by an 
enzyme (1). At the active sites of hydrolytic enzymes, this reaction proceeds with a half-life 
of 17 ms.1 It has been suggested (2 -4), although not universally agreed (5), that the 
extraction of substrates from solvent water may be among the factors that contribute to the 
rate enhancements produced by enzymes in general. Abell and Kirby’s demonstration (6) 
that the hydrolysis of 4-nitrophenyl phosphate proceeds >106-fold more rapidly in wet 
DMSO than in water, and subsequent observations by Hengge and his associates (7, 8) 
furnish experimental support for the possibility that desolvation effects figure prominently 
in the action of phosphate monoesterases. Here, we show that the dianion of neopentyl 
phosphate (NP-2) enters wet cyclohexane as its tetrabutylammonium (TBA+) salt. In 
cyclohexane, the second order rate constant for phosphomonoester hydrolysis is enhanced 
by a factor of 2.5 x 1012 compared with the second order rate constant for hydrolysis of NP2- 
in water.  
Distribution coefficients were determined by stirring a small volume (1 mL) of 
aqueous NP2- (0.1 M, titrated to pH 11 with TBA hydroxide) for 6 h with a large volume (100 
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mL) of cyclohexane, then back-extracting the organic layer into a small volume (0.65 mL) of 
D2O for analysis by proton NMR. The distribution coefficient observed for NP
-2 transfer 
from water to cyclohexane in the presence of excess TBA+ was 7.0 (± 0.4) x 10-6 at 25 °C, and 
TBA+ was found to be present in cyclohexane in a molar ratio of 2 parts TBA to 1 part of NP. 
This value was unaffected by varying the concentrations of solutes in the aqueous phase, 
implying that TBA salts are fully dissociated in cyclohexane (9). Thermodynamic changes 
associated with water-to-cyclohexane transfer were determined from a van't Hoff plot of 
these distribution coefficients as a function of changing temperature in the range from 10 to 
50 °C, which was linear over the range examined (Figure 3.1). The distribution coefficient 
increased with increasing temperature (Table 3.1). 
To determine the rate of monoester hydrolysis in wet cyclohexane, portions (10 ml) 
of the clear cyclohexane layer, prepared at 25 °C as described above, were incubated in 
Teflon-lined acid digestion bombs for various time periods. After heating, samples in 
cyclohexane (10 mL) were back-extracted into water (1 ml), the aqueous phase was 
evaporated to dryness (any neopentanol was removed by that process), and the residue was 
dissolved in D2O containing dioxan as an integration standard, for analysis by NMR. The 
course of hydrolysis was monitored by comparing the integrated intensity of the peak 
arising from NP2- in the starting material and reacted samples (Figure 3.2). Hydrolysis was 
also monitored by the release of inorganic phosphate, measured spectrophotometrically 
using acid-molybdate (10), with identical results. Hydrolysis was found to proceed with 
first order kinetics under all conditions examined.  Rate constants obtained for the 
hydrolysis of NP2- over the temperature range between 74 and 112 °C yielded linear 
Arrhenius plots (Figure 3.3) from which rate constants at 25 °C and the corresponding 
thermodynamics of activation were estimated (Table 3.2).  
In wet cyclohexane, NP-2 hydrolysis proceeded with a rate constant of 3.8 x 10-12 s-1 at 
25 °C, exceeding the estimated rate constant for hydrolysis of the dianion in water (2 x 10-20 
s-1) by a factor of 1.9 x 108. Although it is possible that NP2- retains waters of hydration in 
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cyclohexane (11), experiments involving mixture of NP-2 in wet cyclohexane with varying 
amounts of dry cyclohexane showed that the rate of hydrolysis of NP-2 in cyclohexane 
varied in proportion to the concentration of water that was present (Figure 3.4). This implies 
that hydrolysis is bimolecular, as it is for the aqueous reaction (in water, phosphate 
monoester hydrolysis proceeds through a concerted, dissociative transition state, reference 
12). Correcting for the concentrations of water present in water-saturated cyclohexane (4 x 
10-3 M, reference 13) and pure water (55.5 M), the second order rate constant for water attack 
on NP-2 in cyclohexane (9 x 10-10 s-1 M-1) exceeds the rate constant for attack in water (3.6 x 10-
22 s-1 M-1) by a factor of 2.5 x 1012. Remarkably, the source of this rate enhancement is entirely 
entropic in origin (Table 3.2).  
In water, the monoanions of alkyl phosphate monoesters are hydrolyzed ~1010-fold 
more rapidly than their dianions (1). That special reactivity has been attributed to 
intramolecular hydroxyl group catalysis of alkoxide elimination through the agency of 
intervening water molecules (11). It was therefore of interest to compare the rates of 
hydrolysis of NP in its uncharged, monoanionic and dianionic forms, in wet cyclohexane.  
An aqueous solution of the di-TBA salt of NP-2 was adjusted with HCl to various pH values 
corresponding to different states of ionization of NP (pKa values 1.8 and 6.8), and extracted 
with cyclohexane. Proton NMR showed that the number of equivalents of TBA in 
cyclohexane corresponded to the number of negative charges on the major ionized form of 
NP that had been present in the aqueous phase (Table 3.3). Distribution coefficients 
observed for NPH2, NPH
-:TBA+ and NP-2:2TBA+ were found to be similar, and their rate 
constants for hydrolysis in wet cyclohexane were distributed over a surprisingly narrow 
range (Table 3.3). 
In wet cyclohexane, the concentration of water (4 x 10-3 M) is considerably higher 
than the concentrations of the neopentyl esters that were present in these experiments (~10-6 
M). Thus, one might question whether the unexpectedly high apparent reactivity of 
monoester dianions in wet cyclohexane arises from a small population of monoanions that 
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reacts relatively rapidly, and that can be replenished by protons donated by H2O. The 
similarity of the observed rate constants for hydrolysis of NPH2, NPH
- and NP-2 in wet 
cyclohexane seems to render that explanation unlikely. Transfer to cyclohexane may level 
the observed rate constants by removing the intervening water molecules that have been 
postulated to participate in intramolecular general acid catalysis (14), tending to eliminate 
the special reactivity of monoester monoanions.  
For an enzyme acting by desolvation effects, substrate binding might be compared to 
solvent transfer in the presence of a phase transfer catalyst.  Figure 3.5 shows that for such a 
catalyst to be effective, K1
.K2
.kCHX must exceed the value of kH2O. In the reactions described 
here, the resulting "phase transfer rate enhancement," as defined in Figure 3.5, is 1.3 x 103–
fold for NP2- hydrolysis at 25 °C, and that value increases with increasing temperature.  
The present findings imply that the distribution coefficient of phosphate esters from 
water to wet cyclohexane increases greatly as they proceed from the ground state to the 
transition state in their hydrolysis.  As has been suggested for nucleophilic displacement 
reactions in the vapor phase (15), it seems likely that the present solvent effects arise in part 
from greater delocalization of charge in the transition state than in the ground state. Possible 
changes in transition state structure, and the extent to which water molecules remain 
associated with phosphate esters when they are transferred from water to cyclohexane, 
remain to be determined. 
These rate enhancements approach or surpass the rate enhancements produced by 
many hydrolytic enzymes, and accord with the possibility that desolvation plays a 
substantial role in the action of phosphate monoesterases. 
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Table 3.1:  Distribution coefficients and thermodynamic changes associated with the 
transfer of NP2-:TBA+ and NPH-:TBA+ from water to cyclohexane.  Thermodynamic 
parameters are expressed in kcal./mol. 
 !G !H T!S K1 (25 °C) 
NP2-:TBA+ 7.1 11.3 4.2 7.0 x 10-6 
NPH-:TBA+- 5.3 20.2 14.9 5.5 x 10-6 
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Table 3.2: Rate constants and thermodynamics of activation for the hydrolysis of NP2- in 
water1 and cyclohexane. Thermodynamic parameters are expressed in kcal./mol  
 
 
 !G‡ !H‡ T!S‡ k25 (s
-1) k25 (s
-1M-1) 
H2O 44.3 47.0 2.7 2.0 x 10
-20
 3.6 x 10-22 
CHX 32.9  ± 0.53 47.6 14.7 3.8 x 10-12 9.0 x 10-10 
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Table 3.3: Rate constants for hydrolysis and coefficients for transfer of NP2-, NPH-, and 
NPH2 from water to cyclohexane.   
 
pH (aq.) TBAc/ NPc species (CHX) K1 k90 (s
-1) 
0 0 NPH2 9.9 x 10
-5
 3.6 x 10-6 
1.8 .09 NPH2 + NPH
-
 5.0 x 10-5 6.8 x 10-6 
5.5 1.12 NPH- 4.7 x 10-6 1.1 x 10-5 
6.8 1.49 NPH- + NP2- 3.6 x 10-6 1.8 x 10-5 
12.0 2.0 NP2- 7.0 x 10-6 1.0 x 10-5 
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Figure 3.1: van’t Hoff plots showing the transfer of NP2-:TBA+ (A) and NPH-:TBA+ (B) from 
water to cyclohexane as a function of temperature. 
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Figure 3.2: 1H NMR spectra showing the decrease in the neopentyl ester peak of NP2- 
incubated at 25, 100, and 150 °C for 15 hours. 
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Figure 3.3: Arrhenius plots showing the hydrolysis of NP-2 in cyclohexane. k is the observed 
first-order rate constant, not corrected for water concentration. For comparison, the rates of 
reaction in water are shown as a broken line with the temperature range over which data 
were collected indicated by the gray box (A).  Data obtained by NMR are shown as solid 
points, and data collected by the molybdate assay for inorganic phosphate are shown as 
open points (B).  In A, the vertical axis on the right corresponds to 25 °C. 
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Figure 3.4: Effect of water concentration on rate of NP2- hydrolysis in cyclohexane at 90 or 
100 °C.  Water concentration was adjusted by mixing wet cyclohexane (4.3 x 10-3 M H2O) 
with dry cyclohexane.  Values are normalized relative to the rate of hydrolysis in water-
saturated cyclohexane at the appropriate temperature. 
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Figure 3.5: Phase transfer and NP hydrolysis in the cyclohexane/water system. 
 
 
  
 
Chapter 4 
Phosphate Diester Hydrolysis in Cyclohexane and Acetone 
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Abstract: 
The hydrolysis of phosphate diesters, such as the backbone of DNA, proceeds at a 
sluggish pace in water in the absence of a catalyst (t1/2  = 3 x 10
7 years).  Here we show that the 
tetrabutylammonium salt of an unactivated phosphodiester (dineopentyl phosphate) can be 
extracted into cyclohexane, where it undergoes hydrolysis >109-fold more rapidly than in water, 
and that this rate enhancement is mainly achieved by a reduction of the enthalpy of activation. 
 
Results and Discussion: 
In the absence of a catalyst, the hydrolysis of unactivated alkyl phosphodiester 
monoanions, such as those present in the backbone of DNA, proceeds with a half-life of 3 x 107 
years at 25 °C. Staphylococcal nuclease reduces that half-life to 7 ms, generating a rate 
enhancement of 1.4 x 1017-fold (1, 2).  Among the factors that may be responsible for the large 
rate enhancements produced by enzymes is desolvation of the substrate (3-5). Recent 
experiments indicate that the extraction of phosphate monoester dianions from water into 
cyclohexane increases their rate of hydrolysis by a factor of 1012 (6).  It would therefore be of 
interest to determine the extent to which nonpolar surroundings might accelerate 
phosphodiester hydrolysis.   
Simulations by Warshel and coworkers suggest that that the free energy barrier for 
dineopentyl phosphate (N2P) hydrolysis in the gas phase is ~8 kcal./mol lower than the free 
energy barrier in water (7). The hydrolysis of an activated phosphate diester, bis(4-nitrophenyl) 
phosphate, has been shown to be accelerated ~10-fold in dioxan (8). However, little 
experimental information appears to be available about solvent effects on the hydrolysis of 
unactivated phosphodiesters. We therefore sought to examine the rate of hydrolysis of a dialkyl 
phosphate ester in a very nonpolar environment. N2P was chosen because steric hindrance 
precludes nucleophilic attack at carbon (1), and because its hydrophobic t-butyl groups would 
be expected to enter nonpolar environments with relative ease. It proved possible to dissolve 
the tetrabutylammonium (TBA+) salt of N2P
- in cyclohexane at concentrations sufficient to 
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permit kinetic experiments at elevated temperatures. Thus, we were able to determine the rates 
and thermodynamics of activation of N2P hydrolysis in acetone and cyclohexane, for 
comparison with those determined earlier for hydrolysis in water (1). The results indicate that 
N2P
- hydrolysis occurs more rapidly as the solvent becomes more nonpolar, and is accelerated 
by a factor of 4 x 109 in wet cyclohexane (which contains 4.2 x 10-3 M water at 25 °C, reference 9).  
For kinetic experiments, N2P
-:TBA+ was dissolved (0.01 M) in 1% H2O/ 99% acetone 
(v/v), sealed in quartz tubes under vacuum, and incubated for varying time periods in ovens at 
elevated temperatures.  After incubation, reaction mixtures were diluted in DMSO-d6 for 
analysis by 1H NMR.  Both the decrease of N2P
- and the increase of neopentyl alcohol were 
monitored.  Two moles of neopentyl alcohol were produced for each mole of N2P
- that reacted. 
For experiments conducted in cyclohexane, a small volume (0.1 mL) of an aqueous solution of 
N2P
.TBA+ (0.05 M, titrated to pH 9 with TBA+OH-) was extracted with a large volume of 
cyclohexane (10 mL). Solute concentrations were measured by back-extraction of the clear 
cyclohexane layer into D2O (0.6 mL) for 
1H NMR analysis. The equilibrium constant for N2P
- 
transfer from water to cyclohexane was 2.0 (± 0.4) x 10-5 at 25 °C, and TBA+ and N2P
- were 
present in the cyclohexane layer in a molar ratio of 1:1. The observed distribution coefficient 
was unaffected by varying the concentration of N2P
- in the aqueous phase, implying that the 
N2P was not associated in the cyclohexane phase (10). A van’t Hoff plot of the distribution 
coefficients obtained between 10 and 50 °C proved to be linear (Figure 4.1), and was used to 
estimate the thermodynamic changes associated with the transfer of N2P
- from water to 
cyclohexane (Table 4.1).  N2P
-:TBA+ transfer became more favorable as temperature increased.  
To determine the rate of N2P
- hydrolysis in wet cyclohexane, portions (10 mL) of the 
cyclohexane layer were incubated in Teflon-lined acid digestion bombs (Parr Instruments Co. 
#276AC) for various time intervals. After heating, cyclohexane was back-extracted with 1 mL 
H2O, the aqueous layer was evaporated to dryness (neopentanol was removed by that process), 
and samples were redissolved in D2O for 
1H NMR.  The extent of hydrolysis was determined by 
comparing the integrated intensities of the peaks arising from N2P
- in the starting material and 
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in the heated sample. The activation energies are such that NP hydrolysis occurs almost 
instantaneously in the temperature range over which N2P
- hydrolysis was monitored (Table 
4.2), so that no accumulation of NP was observed. The decomposition of N2P followed first 
order kinetics under all conditions. In control experiments, the extent of reaction was measured 
by the release of inorganic phosphate, determined spectrophotometrically using an acid 
molybdate assay (11), with rate constants confirming that N2P
- hydrolysis is followed by rapid 
hydrolysis of the product NP to form inorganic phosphate.  
No transfer of TBA+:OH- to cyclohexane was observed at a lower limit of detection of ~5 
x 10-8 M. Thus, the concentration of H2O in cyclohexane (4 x 10
-3 M) exceeded that of OH- by a 
factor of at least 105, making H2O the probable nucleophile.  In separate experiments, 4 x 10
-2 M 
ethanol was added to wet cyclohexane to compete with water as a nucleophile.  The formation 
of neopentyl ethyl phosphate was observed by 1H NMR, and ethanolysis of N2P
- was found to 
occur more rapidly than hydrolysis by a factor of  ~4.6.  (In aqueous solution ethanol is a better 
nucleophile than water toward phosphate esters by ~2-fold, reference 12).  These results suggest 
that (in contrast to NP2-) N2P
- undergoes hydrolysis via an associative mechanism as it does in 
water (13).  
Rate constants for hydrolysis in cyclohexane and acetone yielded linear Arrhenius plots, 
from which the rate constants and thermodynamics of activation were estimated (Figure 4.2, 
Table 4.2). The hydrolysis of N2P
- was found to proceed more rapidly in wet cyclohexane (k = 
1.0 x 10-10 s-1 at 25 °C) than in water (7 x 10-16 s-1, reference 1).  In acetone the rate of N2P
- 
hydrolysis (9.5 x 10-12 s-1) falls midway between the rates in water and cyclohexane. After 
correction for the relative concentrations of reactant water in cyclohexane (4.2 x 10-3 M), acetone 
(0.55 M), and water (55.5 M), the second order rate enhancement is 4.4 x 109-fold in cyclohexane 
and 1.3 x 106-fold in acetone. In both solvents, the rate enhancement is achieved mostly by 
decreasing !H‡, although T!S‡ is also raised slightly. In that respect, these rate enhancements 
resemble the rate enhancement produced by staphylococcol nuclease, which is also mainly due 
to a decrease in !H‡ (2).   
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A portion of the rate enhancement in cyclohexane might be due to ground state 
destabilization of N2P
- (Figure 4.3).  The !H value for N2P
- transfer from water to cyclohexane is 
32.4 kcal./mol (Table 4.1), partly because the  negative charge of the phosphoryl group is 
stabilized in water compared to cyclohexane.  As the reaction proceeds to the transition state, 
charge is delocalized, tending to weaken the hydrogen bonds between N2P
- and solvent. In 
cyclohexane, where polar solvent interactions with the ground state are absent, that charge 
delocalization does not contribute as much to the !H‡ value. The effect of acetone on N2P 
hydrolysis resembles the effect of cyclohexane, although the effect of acetone is less 
pronounced. 
As illustrated by the differing slopes in Figure 4.2, these effects of cyclohexane on the 
thermodynamics of activation stand in sharp contrast to those observed for hydrolysis of the 
phosphate monoester NP-2. Transfer to cyclohexane increases T!S‡ for NP-2 hydrolysis by 12 
kcal./mol while !H‡ remains essentially unchanged when the reaction is transferred from water 
to cyclohexane (Table 4.2).  It is difficult to account for these differences in detail, but it seems 
clear that the mechanisms of hydrolysis of unactivated monoesters and diesters differ in several 
important respects.  The associative transition state of phosphate diester hydrolysis is much 
more compact than the dissociative transition state of phosphate monoester hydrolysis, in 
which the bond to the leaving group is almost entirely broken and the bond to the nucleophile 
has only begun to form (13).  Differences in the compactness of the transition state are expected 
to be accompanied by differences in charge delocalization and volumes of activation.  Both of 
those effects tend to be associated with changes in T!S‡ when solvent is varied.  In addition, 
T!S‡ for the transfer of a phosphate diester from water to cyclohexane is ~22 kcal./mol higher 
than for transfer of the monoester, which illustrates the disparity in the ground state entropies 
of monoester and diesters, before the transition states are even considered.   
The transfer of N2P
- from water to cyclohexane might be compared to substrate binding 
for an enzyme acting by desolvation.  As was the case for phosphate monoesters (6), the rate 
enhancement of N2P
- hydrolysis in cyclohexane is so pronounced that it more than compensates 
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for the unfavorable transfer of N2P
- from water to cyclohexane, so that the rate of hydrolysis is 
enhanced in a 2-phase cyclohexane-water system. At 25 °C, the phase transfer rate enhancement 
is only 2.9-fold, but rate of the phase transfer reaction (Q10 = 14.2) rises more rapidly with 
temperature than the rate of hydrolysis of N2P
- in water (Q10 = 5.5). 
These results reveal that considerable rate enhancements can be generated for phosphate 
diester hydrolysis by removing the substrates from solvent water, and reinforce the possibility 
that phosphodiesterases achieve a portion of their large rate enhancements by desolvation.  
Since the majority of enzymes seem to act on the heat of activation (14), it is significant that 
catalysis by desolvation is reflected not only in T!S‡, as with phosphate monoester hydrolysis, 
but may also be manifested as a decrease in !H‡. 
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Table 4.1: The thermodynamics of transfer for N2P
- and NP2- (4) from water to cyclohexane. 
 !G !H T!S K1 (25 °C) 
N2P
-
:TBA
+
 6.0 32.4 26.4 3.9 x 10
-5
 
NP2-:TBA+ 7.1 11.3 4.2 7.0 x 10-6 
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Table 4.2.  Rates and thermodynamics of activation for N2P
- hydrolysis in water (1), acetone, 
and cyclohexane, and for NP2- hydrolysis in water and cyclohexane (15, 4).   
  range !G‡ !H‡ T!S‡ k25 (s
-1) k25 (s
-1M-1) 
N2P
- H2O 190 - 300° 40.5 29.5 -11.0 7.0 x 10
-16
 1.3 x 10-17 
 acetone 155 - 230° 32.6 22.6 -10.0 6.9 x 10-12 1.2 x 10-11 
 cyclohexane 125 - 204° 27.8 19.6 -8.2 1.0 x 10-10 2.4 x 10-8 
NP2- H2O 140 – 240° 44.3 47.0 2.7 2.0 x 10
-20 3.6 x 10-22 
 cyclohexane 74 - 112° 32.9 47.6 14.7 3.8 x 10-12 9.0 x 10-10 
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Figure 4.1: van’t Hoff plot showing the transfer of N2P
-:TBA+ from water to cyclohexane as a 
function of temperature. 
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Figure 4.2: (A) Arrhenius plots showing the second order rate constants (corrected for water 
concentration) for N2P
- hydrolysis in cyclohexane (black points), acetone (red points), and water 
(blue dashed line).  (B) Arrhenius plots comparing the second order rate constants for N2P
- 
hydrolysis (closed points) and NP2- hydrolysis (open points) in cyclohexane.   
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Figure 4.3: Free energy diagram showing the change in !H over the reaction coordinate of N2P
- 
hydrolysis in water (blue) and cyclohexane (black).  Values were determined from van’t Hoff 
plots (Table 4.1) and Arrhenius plots (Table 4.2). 
 
 
 
 
 
 
 
 
  
 
Chapter 5 
A Hypothesis to Explain the Thermodynamics of Activation for the Hydrolysis of 
Phosphate Monoesters in Organic Solvents 
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Abstract: 
Extraction into cyclohexane accelerates the hydrolysis of neopentyl phosphate 
monoester (NP2-) by ~1012, entirely by increasing T!S‡.  But elsewhere, it was reported that 
DMSO accelerates the hydrolysis of phosphate monoesters by ~107, due to a decrease in 
!H‡. In order to probe the relationship between reaction medium and activation parameters, 
we have constructed Arrhenius plots for the hydrolysis of NP2- in five solvents with 
polarities between those of water and cyclohexane.  The activation parameters show that 
NP2- hydrolysis is accelerated to a nearly equal extent in each of these solvents, and that in 
each, some unique combination of a decrease in !H‡ and an increase in T!S‡ is at work.  In 
order to better characterize the solvent environment of NP2- in nonpolar solvent, 1H NMR 
was used to determine whether water exerts a nuclear Overhauser effect (NOE) on 
phosphate esters in water-immiscible solvent.  A small NOE on NP2-, but not neopentyl 
alcohol, was observed, suggesting that the phosphoryl group retains waters of hydration in 
nonpolar solvent. We propose that two separate solvent effects contribute to the activation 
parameters observed for the hydrolysis of NP2-. In more polar solvents, bulk solvent tends to 
organize around the dispersed charge in the transition state, which is manifested as a low 
T!S‡ value. At the same time, in solvents in which water activity is high, hydrogen bonds 
between NP2- and any tenacious water molecules are weakened by the dispersal of charge as 
the substrate approaches the transition state, which is manifested as a high !H‡ value. 
 
Introduction: 
The rate of NP2- hydrolysis is accelerated by twelve orders of magnitude by 
extraction from water into cyclohexane (2), and the rate enhancement is entirely due to 
increasing T!S‡ by 12 kcal./mol from 2.7 to 14.7.1  At first glance, these results are surprising 
                                                
1 This value is derived from Arrhenius plots constructed with the first order rate constants (s-1) for 
NP2- hydrolysis in water and cyclohexane.   If the Arrhenius plots are constructed from second order 
rate constants (s-1M-1) corrected for water concentration (55.5 M for the reaction in water and 4.2 x 10-3 
M in cyclohexane), the T!S‡ values are 0.3 kcal./mol in water and 17.9 kcal./mol in cyclohexane. 
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for a number of reasons.  First, the entropy of activation is positive and larger than is 
common. But that value is not outside the realm of possibility. The transition state of 
phosphate monoester hydrolysis in water is thought to have extreme dissociative character 
(although it is bimolecular, reference 1). In theory, the rotational and translational degrees of 
freedom gained in a 1 ! 2 reaction is expected increase T!S by about ~15 kcal./mol in the 
gas phase (3). That value is higher than the T!S value that is expected for the same reaction 
in water, because the entropy gained from translation tends to be smaller in water, and 
transition state solvation may have unpredictable effects (3). For NP2- hydrolysis in 
cyclohexane, a T!S‡ value of 14.7 kcal./mol may indicate that the transition state approaches 
an SN1-like structure without a compensating increase in transition state solvation (Figure 
5.1A).  But it is also possible that a portion of T!S‡ for NP2- hydrolysis in cyclohexane is 
derived from some other factor extrinsic to the two substrates, such as the release of a water 
molecule during the reaction.  This possibility will be discussed further in the Results and 
Discussion section.   
The second surprising aspect of NP2- hydrolysis in cyclohexane is that the change in 
the entropy of activation (T!!S‡), 12 kcal./mol, is extremely large. That value probably 
cannot be explained by a shift in mechanism to a more dissociative transition state since the 
transition state remains bimolecular in cyclohexane (2). Could solvent effects alone account 
for the 12 kcal./mol change in activation entropy?  Large solvent effects have been seen 
before. For example, the decomposition of di-t-butyl peroxide has a T!!S‡ of 7 kcal./mol 
without a change in mechanism when the solvent is changed from acetonitrile to 
cyclohexane, and acetonitrile is somewhat less polar than water (4, 5).2 Although 12 
kcal./mol is certainly among the largest T!!S‡ values reported due to changing solvent, the 
                                                
2 In reference 4, the activation parameters were determined for the decomposition of di-t-butyl 
peroxide in a series of six solvents.  Based on the linear extrapolation of the relationship between T!S‡ 
and solvent polarity, the reaction, if it could be carried out in water, would have a T!!S‡ value of 
roughly 11 kcal./mol compared to cyclohexane.   
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difference in polarity between water and cyclohexane is also among the largest for which 
activation parameters have been measured. 
The third unexpected result of NP2- hydrolysis in cyclohexane is that !H‡ is 
unchanged compared to the reaction in water.  Any change in charge distribution that 
contributes to profound solvent organization might also be expected to impact the strength 
of the polar interactions between the reaction medium, substrate, and transition state (6).  
Moreover, DMSO has been reported to accelerate the rate of alkyl3 phosphate monoester 
hydrolysis solely by decreasing !H‡, with little impact on T!S‡ (7). To investigate the 
relationship between the polarity of the reaction medium and the activation parameters of 
NP2- hydrolysis, we have constructed Arrhenius plots for the reaction in DMSO, dimethyl 
formamide (DMF), acetone, tetrahydrofuran (THF), and toluene for comparison with water 
and cyclohexane.  Remarkably, each solvent increases the rate of NP2- hydrolysis to a nearly 
equal extent, but the contributions of !H‡ and T!S‡ compensate each other.  We hypothesize 
that the variation in activation parameters arises because of the opposing effects of bulk 
solvent and a thin, tenacious layer of water molecules as the substrate approaches the 
transition state. 
 
Experimental Procedures: 
Neopentyl phosphate and dineopentyl phosphate were provided by Dr. Nicholas 
Williams (University of Sheffield).  Other reagents were obtained from Sigma Aldrich Corp.  
Preparation of reaction mixtures.  For NP2- hydrolysis in the water-miscible solvents DMSO, 
acetone, THF, and DMF, 0.5 M aqueous NP was combined with two equivalents of 
tetrabutylammonium hydroxide (pH 11), and was mixed with the solvent to make a 1% (by 
                                                
3 A parallel example is provided by the hydrolysis of aryl phosphate monoesters in solvents of 
varying polarity.  The rate of aryl phosphate monoester hydrolysis increases in the nonpolar solvent 
t-butyl alcohol via an increase in T!S‡. The rate of its hydrolysis increases to a similar extent in 
DMSO, but via a decrease in !H‡ (7, 8).   
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volume) aqueous solution.  The solvent mixtures were sealed in quartz tubes under 
vacuum. 
For NP2- hydrolysis in toluene, the NP2-:TBA+ salt was extracted into toluene (2).  The 
observed distribution coefficient for transfer of NP2-:TBA+ from water to toluene was 2.8 x 
10-5, and TBA+ and NP2- were found to be present in a 2:1 ratio. The amount of NP2- 
transferred to toluene increased with temperature (data not shown). Water was found to be 
present in toluene at a concentration of 1.6 x 10-2 M.  Water-saturated toluene (10 mL), 
containing NP-2 was incubated in Teflon-lined acid digestion bombs (Parr Instruments Co. 
#276AC) for incubation times longer than 24 hours, or sealed in quartz tubes under vacuum 
for incubation times less than 24 hours.  Samples were incubated in convection ovens 
(Barnstead/Thermolyne Corp., model 47900) at varying temperatures (±1.5 °C as indicated 
by an ASTM thermometer) for varying periods of time.   
Analysis of products by 1H NMR.  After reaction, samples in DMSO, acetone, THF, and DMF 
were prepared for 1H NMR analysis by dilution in DMSO-d6, with dioxan (1.8 x 10
-4 M) 
added as an internal integration standard (8 H, " = 3.7 ppm).  The integrated intensities of 
the proton signals arising from the neopentyl ester protons of NP2- (9 H, s, " = 0.80) and 
neopentyl alcohol (9 H, s, " = 0.78) were then measured using a Varian 500 MHz 
spectrometer with a cold probe. Data were acquired for a minimum of 4 transients using a 
standard water suppression pulse sequence, and processed using SpinWorks (9). Rates were 
determined by comparing of the relative amounts of NP2- and neopentyl alcohol in the 
sample as a function of time. 
To prepare samples in toluene for analysis after incubation, samples were back-
extracted into H2O (1 mL), evaporated under vacuum to remove volatile solvent breakdown 
products, which were found to interfere with analysis, and redissolved in D2O (0.6 mL) 
containing dioxan (1 x 10-5 M) for 1H NMR. The integrated intensities arising from the 
neopentyl ester protons of NP2- and the tetrabutyl ammonium protons (8 H, m, " = 3.1) were 
measured by comparison to dioxan as described above.  Rate constants were determined by 
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monitoring the disappearance of NP-2 as a function of time. During preparation of samples 
for analysis, the product neopentyl alcohol was removed by rotary evaporation along with 
toluene and was not observed by 1H NMR.  
Measuring 1H nuclear Overhauser effects.  The frequency selective NOE difference spectra were 
acquired with a Varian 500 MHz spectrometer equipped with a cold probe.  Selective 1H 
irradiation was achieved using a standard small molecule NOE pulse sequence with 
irradiation frequencies of 0.4 (H2O, 2H, s) or 0.8 (neopentyl ester, 9H, s) and an off-
resonance position.  The NOE on the methylene peak (2 H, "=3.4, d) was allowed to develop 
for a minimum of 32 transients.   
 
Results and Discussion: 
Arrhenius plots constructed from the second order rate constants for NP2- hydrolysis 
were found to be linear in all solvents (Figure 5.2). These were used to determine the 
thermodynamics of activation for NP2- hydrolysis, corrected for the concentration of water 
in each solvent (Table 5.1). In nonaqueous solvents, both T!S‡ and !H‡ increased as the 
solvent became more nonpolar (Figure 5.3). We were startled to observe that T!S‡ and !H‡ 
compensate each other in all of the solvents except for water, and that at 25 °C the 
compensation is nearly perfect so that the rates of NP2- hydrolysis in all of the solvents fall 
within an order of magnitude.  
The T!S‡ values show a relatively straightforward correlation with solvent polarity. 
One likely possibility is that a larger number of solvent molecules are organized in the 
transition state than in the ground state (Figure 5.1A). The transition state of NP2- hydrolysis 
is thought to resemble metaphosphate, in which a dipole can develop. (See the resonance 
structures depicted in Figure 5.1C).  Alternately, the relationship between T!S‡ and solvent 
polarity might be related to the activation volume (!V‡) of the reaction in different solvents 
(10).  A dissociative reaction like phosphate monoester hydrolysis tends to have a large !V‡, 
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and a compressible nonpolar solvent can allow the transition state to expand.4  As might be 
expected, an increase in !V‡ in the transition state tends to correlate with an increase in T!S‡ 
(6).  
The changes in !H‡ are more difficult to rationalize when water is included among 
the solvents in the analysis.  In terms of !H‡ values, water (!H‡ = 47.0) is more similar to 
cyclohexane (!H‡ = 47.6) than DMSO (!H‡ = 29.1), and thus !H‡ correlates poorly with 
solvent polarity indices like the dielectric constant, acity, or basity. But !H‡ values do 
correlate with the activity of water molecules (aw) in each solvent (Figure 5.4, R
2 = 0.96).  
Water activity, which is given by the ratio of the partial vapor pressures of a solution and 
pure water (11), can be thought of as the availability of a water molecule for reaction or 
interaction.  (See Table 5.1 for values of aw.  In water-saturated cyclohexane and in pure 
water, aw has a value of one by definition.  In the present experiments, water was present at 
a sub-saturating concentration in toluene, 1.6 x 10-2 M. At that concentration, water has an 
activity of ~0.80 (12).  Values for aw in other solvents were determined from plots in 
reference 13). To vary aw independently of solvent variation, an Arrhenius plot was also 
constructed for phosphate monoester hydrolysis in a mixture of 80% DMSO/20% water 
(v/v).  That point also falls on the line (Figure 5.4).   
Does the correlation between aw and !H
‡ have any physical meaning?   
A water molecule with higher activity would be expected to be more reactive, so the 
hydrolytic water molecule probably does not contribute to the correlation between aw and 
!H‡.  Instead, these results might be consistent with the presence of a few tenacious water 
molecules forming a thin solvent shell around the phosphate monoester. The hydrogen 
bonds between those putative water molecules and the phosphoryl group would be 
weakened as the substrate passed from the ground state to the metaphosphate-like 
transition state and the charge on the non-bridging oxygens decreased (Figure 5.5).  The loss 
                                                
4 !V‡ is also related to the decrease in translational entropy in water compared to the gas phase, as 
noted in the Introduction. 
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of the strong ground-state interactions would be especially unfavorable for water molecules 
with high aw values, as in cyclohexane.  For a water molecule with low activity, as in DMSO, 
the loss would be less keen (Figure 5.5). This suggestion elaborates upon the original 
rationale that Abel and Kirby set forth to explain the acceleration of 4-nitrophenyl 
phosphate hydrolysis in DMSO (14): that reduced hydrogen bonding to the nonbridging 
oxygens by DMSO relative to water destabilizes the ground state.  The addition of even a 
few water molecules to desolvated reactants can have a drastic effect on a reaction rate. The 
step-wise addition of three water molecules to a hydroxide nucleophile in the gas phase has 
been shown to decrease the rate of nucleophilic displacement reactions by up to 105 (15). 
Might a water layer also affect T!S‡ of NP2- hydrolysis?   
A scenario could also be imagined in which the hydrogen bond between the altered 
substrate in the transition state and a water molecule weakens to such an extent that the 
complete loss of the hydrogen bond is compensated by the favorable entropy of water 
molecule dissociation.5 The increased entropy could contribute to the 12 kcal./mol increase 
in T!S‡ in cyclohexane compared to water, even if water molecule dissociation occurred in 
only a fraction of the hydrolytic reactions in the ensemble.  
Is it reasonable to expect a phosphate ester to retain waters of hydration in nonaqueous solvent? 
The incomplete desolvation of phosphate monoesters in solvents has been invoked 
before to explain patterns in phosphate ester reactivity, and water has been suggested to 
cluster around phosphate monoesters even in relatively polar solvents like ethanol (17). A 
glance at the crystal structures in the Protein Data Bank reveals that phosphate monoesters 
are rarely, if ever, present in enzyme active sites without one or more accompanying water 
molecules (see, for example, structures for inositol phosphatase and fructose 1, 6-
bisphosphatase, references 18 and 19).  In attempts to crystallize phosphate esters, water 
molecules were always found to be associated with the phosphoryl group, no matter how 
                                                
5
 In the gas phase, !G for the dehydration of metaphosphate (which resembles the transition state of 
phosphate monoester hydrolysis) is unfavorable, but only by ~3 kcal./mol.  The process is driven by 
a T!S value of + 10 kcal./mol (16). 
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dry the solvents used (A. J. Kirby, personal communication).  Nonetheless, it is difficult to 
determine whether the phosphoryl group is hydrated in wet cyclohexane, because the 
concentration of water in cyclohexane at saturation (4.2 x 10-3 M, reference 20) is much larger 
than the concentration of NP2- (~10-6 M, reference 2).  But circumstantial evidence suggesting 
that NP2- is hydrated in water-immiscible solvent was obtained from measuring the 1H-1H 
NOE that water exerts on NP2- in benzene.   
NOE experiments were carried out in benzene-d6 because in 
1H NMR spectra 
acquired in cyclohexane-d12, the water and neopentyl ester peaks overlap.  If irradiation of 
one proton resonance leads to the development of an NOE for a second proton resonance, it 
indicates that those protons interact through space. When the frequencies of the neopentyl 
ester protons of N2P
-, NP2-, and neopentyl alcohol were irradiated, NOE’s of 5-8% developed 
on their respective methylene protons, which was expected for two protons in the same 
small molecule (Table 5.2).  When the frequency of the water peak was irradiated, an NOE 
of 2.5% developed on the methylene resonance of NP2- and an NOE of 0.8% developed on 
the methylene resonance of N2P
-.6 Irradiation of the H2O frequency had no effect on the 
methylene resonance of neopentyl alcohol (Table 5.2).  Although the NOE’s that were 
measured are very small, these results seem to indicate that water molecules are not 
randomly distributed in the solvent, and that some tend to associate with the phosphate 
ester, but not with the neopentyl group.  
 
Conclusion: 
If this hypothesis is correct, bulk solvent and the water shell must be considered 
independently of each other in order to explain the observed compensation of T!S‡ and !H‡ 
                                                
6
 The pulse to irradiate the water frequency (" = 0.4) also slightly perturbed the neopentyl ester peak 
(" = 0.8).  The NOE’s observed were too large to be accounted for by only irradiation of the neopentyl 
ester peak, and the NOE values reported in Table 2 have been corrected to account for that overlap.  
The percentages were calculated from the ratio of the value expected for 100% energy transfer (i.e. a 
2:9 methylene : neopentyl ratio) and the observed energy transfer.  To calculate the NOE exerted by 
water on the phosphate esters, a single water of hydration was assumed.  
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for NP2- hydrolysis in different solvents. As the reaction medium becomes more nonpolar, 
bulk solvent does not organize as readily around the transition state, yielding a more 
favorable T!S‡.  But as the activity of individual water molecules increases, the weakening 
of interactions between NP2- and the water shell in the transition state becomes more of a 
burden, yielding a less favorable !H‡.   
Remarkably, the 1012-fold rate enhancement of phosphate monoester hydrolysis by 
extraction into cyclohexane might actually be underestimated. If NP2- could be completely 
dehydrated in cyclohexane, so that the local environment was indifferent to the decreasing 
charge on the non-bridging oxygens in the transition state, the rate might be much larger. 
These results also suggest a possible strategy for phosphate monoesterases: the enzyme 
might stabilize any water molecule, metal ion, or amino acid residue that interacts with the 
nonbridging oxygens of the phosphoryl group in the ground state in order to decrease its 
activity and ease the approach to the transition state.  
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Table 5.1: The activation parameters and second order rate constants of NP2- hydrolysis in 
various solvents, the dielectric constant of each solvent, and the activity of water in each 
solvent.  Activation parameters were determined from Arrhenius plots of the second order 
rate constants versus the inverse of absolute temperature.  Activation parameters are 
reported in kcal./mol.  Water activities were calculated from plots in reference 12 and 13, 
using water concentrations of 4.2 x 10-3 M (saturation) in cyclohexane, 1.6 x 10-2 M in toluene, 
11.1 M in 80% DMSO, and 0.56 M in all other solvents.   
 
 !G‡ !H‡ T!S‡ k (s-1M-1) #R aw 
H2O 45.0 47.0 2.0 5.1 x 10
-21 78.4 1.0 
DMSO 29.2 29.1 -0.1 2.1 x 10-9 46.5 0.016 
DMF 29.2 30.4 1.2 2.1 x 10-9 36.7 0.058 
acetone 29.7 32.3 2.6 9.0x10-10 32.2 0.233 
THF 29.5 29.6 0.1 1.3 x 10-9 7.6 -- 
toluene 30.8 43.6 12.8 1.4 x 10-10 2.4 0.62 
cyclohexane 29.7 47.6 17.9 1.1 x 10-9 2.0 1.0 
80% DMSO 36.2 32.0 -4.2 1.5 x 10-14 -- 0.333 
 83 
Table 5.2: The NOE effect exerted on the methylene protons of the neopentyl group by the 
neopentyl ester protons and by H2O.  The NOE was calculated by dividing the ratio of the 
integrals of the saturated resonance and methylene resonance in the NOE spectrum by the 
ratio of the integrals of the same peaks in a one-dimensional 1H NMR spectrum.  
 
 neopentyl NOE H2O NOE 
NP2- 5.2 % 2.5 % 
N2P
- 8.7 % 0.8 % 
neopentyl alcohol 4.1 % not observed 
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Figure 5.1: (A) Free energy diagram showing the change in T!S over the reaction coordinate 
of NP2- hydrolysis in water (blue) and cyclohexane (black).  The rate acceleration in 
cyclohexane reflects the translational entropy gained by metaphosphate in a very 
dissociative transition state (B).  In water, the increase in entropy is masked by the 
organization of water molecules around the dispersed charge in the transition state, or a 
more constricted activation volume in water. (C) Resonance structures for the 
metaphosphate transition state. 
 
 
C 
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Figure 5.2: Arrhenius plots of the second-order rate constants of NP2- hydrolysis in 
cyclohexane, toluene, acetone, THF, DMF, and DMSO. 
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Figure 5.3:  The T!S‡ and !H‡ values for NP2- hydrolysis in nonaqueous solvents 
compensate each other so that the rates at 25 °C fall within an extremely narrow range.  In 
water, the combination of a relatively high !H‡ and relatively small T!S‡ makes the 
hydrolysis of NP2- ~1012 slower than in the other solvents. 
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Figure 5.4: The relationship between !H‡ for NP2- hydrolysis and the activity of water in 
each solvent.  The activities of water in DMF, acetone, and DMSO were determined from 
graphs in reference 12; the activity of water in toluene was determined from the graph in 
reference 13; and the activity of pure water and water present at saturation in cyclohexane 
is, by definition, equal to 1.0.   
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Figure 5.5: (A) Free energy diagram showing the change in !H over the reaction coordinate 
of NP2- hydrolysis in DMSO (orange) and cyclohexane (black). Better stabilization of NP-
associated water molecules by DMSO in the transition state yields the more favorable !H‡ 
value for hydrolysis. (B) Ground state and transition state structures for NP2- hydrolysis, 
showing a water molecule associated with a nonbridging oxygen of the phosphoryl group.  
When charge on the nonbridging oxygen decreases in the transition state, that water 
molecule is destabilized, especially if it has a high activity, as in cyclohexane.  It is 
destabilized to a lesser extent in DMSO because it is able to interact with solvent molecules.   
 
A 
  
 
Chapter 6 
Conclusion and Perspective: 
Physical and Chemical Catalysis of Phosphoryl Transfer 
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This work describes the thermodynamic features of the catalysis of phosphoryl 
group transfer by enzymes, metal ions, and desolvation.  Figures 6.1 and 6.2 summarize 
some of the catalysts examined in this work: GalNAcK, HSK, and yeast hexokinase; Mg2+ as 
a catalyst for ATP methanolysis; extraction into cyclohexane as a catalyst for NP2- and N2P
- 
hydrolysis; and desolvation by DMSO as a catalyst for NP2- hydrolysis.  Figure 6.1 shows 
the thermodynamics of activation for each catalyzed reaction and its spontaneous 
counterpart, and Figure 6.2 compares !!G‡, !!H‡, and T!!S‡ values for each set of 
reactions. 
Phosphoryl group chemistry occupies a central role in biology for a myriad of 
reasons including the unusual kinetic stability of many phosphoryl group compounds (1). 
As a consequence of the difficulty of these spontaneous reactions, the enzymes that catalyze 
the hydrolysis of simple phosphate esters are the most proficient enzymes yet described (2, 
3). In Chapter 2, the rate enhancements produced by three kinases were determined, and 
even though phosphate anhydride bonds are comparatively labile, the largest of these rate 
enhancements, 4.6 x 1014 by yeast hexokinase, falls short of only those generated by the 
phosphatases mentioned above, and a handful of other enzymes (4). But phosphoryl 
transfer reactions are not only characterized by their extremely high energetic barriers; 
perhaps the most surprising aspect of this work is that these reactions are also quite 
amenable to catalysis by relatively simple physical means like substrate juxtaposition and 
desolvation.   
Serving as a template to juxtapose two substrates appears to contribute up to 106 
towards the acceleration of Mg-ATP methanolysis produced by GalNAcK. That factor, 
which is obtained from T!!S‡ of the enzymatic reaction and the spontaneous reaction, 
accounts for approximately half of the total rate enhancement.  Both HSK and hexokinase 
also derive portions of their rate enhancements by increasing T!S‡ of the spontaneous 
reaction, and without that entropic contribution, neither kinase would function at biological 
speeds.  Increasing T!S‡ may prove to be a general feature of bi-substrate enzymes, but ATP 
 91 
is especially well-suited for catalysis by approximation because of its complexity.  The "- 
and #- phosphoryl and adenyl moieties of ATP provide a number of the enzyme binding 
contacts that help provide the driving force for substrate concentration and orientation (5). 
Desolvation is another remarkably effective physical means of accelerating 
phosphoryl group transfer reactions.  Chapters 3 and 4 establish that, for phosphate diesters, 
extraction into cyclohexane can accelerate the reaction by 109, and for phosphate 
monoesters, desolvation by polar or nonpolar solvent accelerates the reaction by ~1012.  
Unlike juxtaposition, which is an entropic effect, desolvation may work on either T!S‡ or 
!H‡.  Thus, for most enzymes, whose rate enhancements tend to be enthalpic in origin (4), 
their activation parameters do not exclude desolvation as a catalytic mechanism. Extraction 
from solvent may play a larger role in enzyme catalysis than has been previously 
acknowledged.1 But even among reactions that are accelerated by extraction from solvent, 
the rate enhancements of phosphate monoester and diester hydrolysis are extremely large 
(8). They join only one other reaction, the decarboxylation of carboxybenzsoxizoles (9), that 
is known to be subject to phase transfer catalysis in water-immiscible solvent.   Phosphate 
monoester hydrolysis is especially unique in that it is accelerated by nonaqueous polar and 
nonpolar solvents alike; to our knowledge no other reaction has been described with a 
similar solvent effect (8).  Those findings, described in Chapter 5, seem to imply a distinction 
between the effects of bulk solvent and the effects of a hydration shell. 
Of course, it would be naïve to suppose that the highly anisotropic active sites of 
enzymes resemble cyclohexane or any other solvent. Thus, in one sense, these experiments 
establish the upper limit for the rate enhancement that can be obtained by desolvation.  But, 
unlike the situation in solvent, an enzyme might be able to exclude or compensate for any 
water molecules that remain tightly associated with a phosphoryl substrate.  That is to say, 
                                                
1
 That is not to say that desolvation is expected to be an effective means of catalysis for all chemical 
reactions.  In some, the development of chasrge or a dipole in the transition state causes the reaction 
to proceed more slowly when it is removed from solvent (6), and in others, a decrease in !H‡ is offset 
by a decrease in T!S‡ (7). 
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an enzyme might use chemical catalysis (stabilization of water molecules in the transition 
state) to amplify the rate enhancement achieved by physical effects (removing the substrate 
from bulk solvent).  The interplay between the enzyme, phosphoryl substrate and water 
molecules in the ground state and transition state may prove to be an important aspect of 
catalysis by phosphate esterases. 
The inverse may also be true: in the enzyme active site, a physical effect like 
desolvation might augment a rate enhancement achieved by chemical means.  Metal ions 
tend to have negligible effects on the rates of spontaneous phosphoryl transfer reactions (11, 
12).  But in Chapter 2, a closer look showed that in the case of ATP methanolysis, Mg2+ 
actually lowers !H‡, but has compensating unfavorable effects on T!S‡.  One could imagine 
that binding and desolvation of the metal-ATP complex in the enzyme active site might 
neutralize the unfavorable change in T!S‡ while exploiting the lower enthalpic barrier of the 
metal-catalyzed reaction.  Consistent with this hypothesis, phosphate diester hydrolysis is 
not accelerated by metal ions in aqueous solution, and accelerated only slightly in the polar 
solvents DMSO and dioxan.  But, when the metal-catalyzed reaction is carried out in 
nonaqueous solvent, the rate enhancement is greater than would be expected if the effects of 
the metal ion and solvent were merely additive (13).   
The physical catalytic effects examined in this dissertation, juxtaposition and 
desolvation, are incredibly powerful, and yet require little of the active site sophistication of 
other mechanisms like transition state stabilization.  One might imagine a primitive enzyme 
that does little more than provide a cavity for a reaction to occur unhindered by solvent 
water at very high effective substrate concentrations. If an acid or base residue were added 
to that cavity at a strategic location, the ancient enzyme’s catalytic power might be 
multiplied again.  At a higher temperature in a primordial environment, even a crude 
enzyme catalyzing a reaction as difficult as phosphate monoester hydrolysis (whose half-
time in water at 25 °C is 1012 years) could turn over substrate at a relatively rapid rate (NP2- 
hydrolysis proceeds with a half-time of 4 hours at 100 °C in cyclohexane).  So although the 
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chasm between the rates of uncatalyzed phosphoryl transfer reactions and the rates required 
for life is daunting, some relatively simple physical effects could serve as a primitive 
scaffold on which to overlay a more complex catalytic mechanism, accelerating the reaction 
to more and more rapid speeds at lower and lower temperatures…and eventually evolving 
into the kinases and phosphate esterases of today that amaze us with their power and their 
incredible rate enhancements.     
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Figure 6.1:  !G‡ (green), !H‡ (red), and T!S‡ (blue) values for the spontaneous reactions 
(open circle) and their corresponding catalyzed reactions (arrowhead) examined in this 
work.  The !G‡ and !H‡ values are shown on an inverse scale so that in all three plots, “up” 
corresponds to a more favorable thermodynamic parameter.   
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Figure 6.2:  !!G‡ (green), !!H‡ (red), and –T!!S‡ (blue) values for catalysts examined in this 
work.   
 
 
